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ABSTRACT
We present a complete sample of molecular clumps containing compact and ultra-
compact (UC) H ii regions between ℓ = 10◦ and 60◦ and |b| < 1◦, identified by combining the
the ATLASGAL sub-mm and CORNISH radio continuum surveys with visual examination of
archival infrared data. Our sample is complete to optically thin, compact and UC H ii regions
driven by a zero age main sequence star of spectral type B0 or earlier embedded within a
1,000 M⊙ clump. In total we identify 213 compact and UC H ii regions, associated with 170
clumps. Unambiguous kinematic distances are derived for these clumps and used to estimate
their masses and physical sizes, as well as the Lyman continuum fluxes and sizes of their
embedded H ii regions. We find a clear lower envelope for the surface density of molecular
clumps hosting massive star formation of 0.05 g cm−2, which is consistent with a similar sam-
ple of clumps associated with 6.7 GHz masers. The mass of the most massive embedded stars
is closely correlated with the mass of their natal clump. Young B stars appear to be signifi-
cantly more luminous in the ultraviolet than predicted by current stellar atmosphere models.
The properties of clumps associated with compact and UC H ii regions are very similar to
those associated with 6.7 GHz methanol masers and we speculate that there is little evolution
in the structure of the molecular clumps between these two phases. Finally, we identify a sig-
nificant peak in the surface density of compact and UC H ii regions associated with the W49A
star-forming complex, noting that this complex is truly one of the most massive and intense
regions of star formation in the Galaxy.
Key words: Stars: formation – Stars: early-type – ISM: clouds – ISM: radio continuum –
ISM: H ii regions – Galaxy: structure.
⋆ The full version of Tables 3 and 4 are only available in electronic form
at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) or
via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/ , while Figs 11 and
12 are only available in the electronic version of the journal.
† E-mail: jurquhart@mpifr-bonn.mpg.de (MPIfR)
1 INTRODUCTION
Ultracompact H ii (hereafter UC H ii) regions represent one of the
earliest stages in the development of an H ii region, where a massive
star (or stars) has begun to ionise the surrounding gas and produce
a small (diameter, D, < 0.1 pc) photoionised bubble of gas embed-
ded within a dense molecular cloud clump. UC H ii are particularly
important tracers of recent massive star formation that are read-
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ily detectable across most of the Milky Way via their centimetre-
wavelength free-free emission or their strong far-infrared emission
(e.g. Wood & Churchwell 1989a; Becker et al. 1990; Giveon et al.
2005; Hoare et al. 2012). As such, UC H ii regions give us a reliable
snapshot of massive star formation activity within the last ∼105
years (e.g., Davies et al. 2011; Mottram et al. 2011a), enabling a
census of massive star formation on the scale of individual com-
plexes throughout the entire Galaxy. UC H ii regions are a particu-
larly important signpost of the dense conditions within molecular
clouds that give rise to massive star formation, and also as a di-
rect tracer of the luminosity of the recently formed stars via their
free-free emission.
Most UC H ii regions have been identified by targeted ra-
dio interferometry of objects selected by their mid- or far-
infrared colours (e.g., Wood & Churchwell 1989a; Kurtz et al.
1994; Walsh et al. 1998; Urquhart et al. 2007, 2009b). The draw-
back of such targeted studies is that their infrared selection tech-
niques can be contaminated by other IR-bright objects such as plan-
etary nebulae and intermediate mass YSOs (Ramesh & Sridharan
1997), introducing biases into conclusions based on larger sam-
ples drawn solely from infrared catalogues. Wide area radio
interferometric surveys remove this constraint and have also
been utilised to identify UC H ii regions (Becker et al. 1990;
Zoonematkermani et al. 1990; Becker et al. 1994; Giveon et al.
2005; Murphy et al. 2010; Hindson et al. 2012). Most of these sur-
veys were carried out in snapshot mode, which limits the uv-
coverage of the observations. It is thus difficult to unambiguously
identify UC H ii regions due to the limited range of angular scales
traced by snapshot observations; ultracompact sources detected in
snapshot surveys may simply be bright and compact components
of more extended emission (Kurtz et al. 1999; Kim & Koo 2001;
Ellingsen et al. 2005).
Another compounding problem in the identification of UC H ii
regions is the fact that at their typical 5 GHz flux densities (a few
mJy to tens mJy) the source counts are dominated by background
radio galaxies (Anglada et al. 1998). In order to conclusively iden-
tify UC H ii regions one must also show that the ultracompact ra-
dio sources have spectra consistent with thermal free-free contin-
uum, are clearly associated with thermal infrared emission from hot
dust heated within the ionized nebula or polycyclic aromatic hydro-
carbon (PAH) emission from the photo-dominated region (PDR)
surrounding the nebula, or show signs of being embedded within
molecular cloud clumps. Existing studies have mainly used the
IRAS or MSX surveys to fulfil the infrared criterion (Walsh et al.
1998; Giveon et al. 2005). The main drawback with these surveys
is their low angular resolution compared to the ∼ arcsecond resolu-
tion of the radio images, which makes it difficult to unambiguously
determine the correct infrared counterpart. While the angular reso-
lution of the ground based mm and submillimetre observations used
to trace the star forming molecular clumps is higher, wide-area sur-
veys have not come into being until relatively recently. This means
that the number of UC H ii hosting clumps studied is limited by tar-
geted studies to typically a few tens to a hundred objects (see e.g.,
Thompson et al. 2006).
We take advantage of three recent Galactic plane surveys to
address these issues and compile a robust well-selected sample
of molecular clumps associated with deeply embedded H ii re-
gions. The surveys are the CORNISH 5 GHz survey (Hoare et al.
2012; Purcell et al. 2013), the GLIMPSE mid-infrared survey
(Benjamin et al. 2003), and the ATLASGAL 870 µm survey
(Schuller et al. 2009). Each of these surveys covers a common
field (10◦ 6 ℓ 6 60◦, |b| 6 1◦), with matched angular resolu-
tion between the 5 GHz radio and GLIMPSE mid-infrared data sets
(∼2′′). By combining these three surveys we are able to use multi-
wavelength identification techniques to identify H ii regions and
confirm their embedded nature via the coincidence of radio and
mid-infrared emission (e.g. Hoare et al. 2007) and submillimetre
calorimetry (Thompson et al. 2006). Another concern is the possi-
bility of comtamination from stellar winds of massive young stel-
lar objects (MYSOs). However, the radio continuum emission aris-
ing from these winds is relatively weak (S ν < few mJy at 1 kpc;
e.g., Tofani et al. 1995; Hoare 2002) and it is therefore unlikely that
CORNISH is sensitive enough for this to be an issue. We also deter-
mine unambiguous kinematic distances for the majority of our sam-
ple. This results in a complete catalogue of molecular clumps with
embedded H ii regions over the common GLIMPSE, CORNISH
& ATLASGAL survey region. This sample will include a mixture
of ultracompact (D .0.1 pc and particle densities, n, & 104 cm−3)
and compact (D .0.5 pc and n & 5 × 103 cm−3) H ii regions (Kurtz
2005).
This catalogue is used to investigate the physical nature of the
UC H ii region hosting clumps, the mass-size relationship for mas-
sive star-forming clumps (Kauffmann & Pillai 2010), the Galactic
distribution of UC H ii regions and their statistical lifetimes. Finally
we explore correlations between the UC H ii region properties and
those of their embedding clumps in order to give insights into the
accretion history and star formation efficiency.
We describe the individual surveys used in this study in
Sect. 2, the multi-wavelength identification techniques and ob-
served properties of the UC H ii hosting clumps in Sect. 3, and their
kinematic properties in Sect. 4. Sect. 5 details the derived kinematic
distances and the H i self absorption techniques that we have used to
break the near-far distance ambiguity. In Sect. 6 and 7 we derive the
physical properties of the molecular clumps and UC H ii regions,
respectively. We discuss these properties in the context of current
star formation thresholds and with the properties of methanol maser
associated clumps discussed in Urquhart et al. (2013, hereafter Pa-
per I). Finally, in Sect. 9 we summarise our findings and discuss
their implications.
This paper is the second in a series of three papers focusing
on the properties of molecular clumps from the ATLASGAL sur-
vey that are associated with massive star formation. The first pa-
per in the series investigates the properties of clumps associated
with 6.7 GHz methanol masers (Paper I) identified by the Methanol
Multibeam (MMB; Caswell et al. 2010) survey. In this paper we
deal with UC H ii region hosting clumps, and the third will inves-
tigate the properties of clumps associated with a sample of mid-
infrared-selected massive YSOs (Urquhart et al 2013, in prep). We
also note that there are two forthcoming CORNISH papers focus-
ing on the radio-derived parameters of the UC H ii regions (Purcell
et al., in prep.) and their morphologies (Hoare et al., in prep.).
2 SURVEY DESCRIPTIONS
2.1 ATLASGAL Survey
The APEX Telescope Large Area Survey of the Galaxy (ATLAS-
GAL; Schuller et al. 2009) is the first systematic survey of the
inner Galactic plane in the submillimetre band. The survey was
carried out with the Large APEX Bolometer Camera (LABOCA;
Siringo et al. 2009), an array of 295 bolometers observing at
870µm (345 GHz). At this wavelength the APEX Telescope has
a full-width at half-maximum (FWHM) beam size of 19.2′′. The
c© 2009 RAS, MNRAS 000, 1–??
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initial survey region covered a Galactic longitude region of 300◦ <
ℓ < 60◦ and |b| < 1.5◦, but this was extended to include 280◦ < ℓ <
300◦, however, the latitude range was shifted to −2◦ < b < 1◦ to
take account of the Galactic warp in this region of the plane.
Contreras et al. (2013) produced a compact source catalogue
for the central part of the survey region (i.e., 330◦ < ℓ < 21◦) using
the source extraction algorithm SExtractor (Bertin & Arnouts
1996). This catalogue consists of 6,774 sources and is 99 per cent
complete at ∼6σ, which corresponds to a flux sensitivity of 0.3-
0.4 Jy beam−1. We have used the same source extraction algorithm
and method described by Contreras et al. (2013) to produce a cata-
logue for the currently unpublished 280◦ < ℓ < 330◦ and 21◦ < ℓ <
60◦ regions of the survey. When the sources identified in these re-
gions are combined with those identified by Contreras et al. (2013)
we obtain a final compact source catalogue consisting of ∼10,000
sources (the full catalogue will be presented in Csengeri et al. in
prep.). The observations typically had an r.m.s. pointing accuracy
of ∼4′′ (Schuller et al. 2009), which we adopted as the positional
accuracy for the catalogue. This catalogue provides a complete cen-
sus of dense dust clumps located in the inner Galaxy and includes
all potential massive star forming clumps with masses greater than
1,000 M⊙ out to 20 kpc (Paper I).
2.2 CORNISH Survey
The CORNISH project has mapped the northern Galactic plane be-
tween ℓ = 10◦ and 65◦ and |b| < 1◦ for 5 GHz radio-continuum
emission. The survey was designed to detect UC H ii regions across
the Galactic disk (Hoare et al. 2012) and to form a radio counter-
part to recent arcsecond-resolution infrared surveys (e.g., UKIDSS,
GLIMPSE, and MIPSGAL). Utilising the Karl Jansky Very Large
Array (VLA) in B and BnA array configurations, it is possible
to resolve radio emission on angular scales ranging from ∼1.5′′
to 20′′. The r.m.s. noise level in the CORNISH images is better
than 0.4 mJy beam−1, sufficient to detect free-free emission from
an optically thin H ii region around a B0 star on the other side of
the Galaxy. The high-reliability CORNISH catalogue (Purcell et al.
2013) contains 2637 distinct sources detected above a 7-sigma in-
tensity cutoff, ∼250 of which have been identified as possible H ii
regions via a visual inspection of infrared images (Purcell et al.
2013, in prep.).
The catalogue is 90 per cent complete for point sources at a
flux density of 3.9 mJy, however, this value decreases with increas-
ing source size as the incomplete uv-coverage leads to missing flux
in extended objects. Purcell et al. (2013) have used the GLIMPSE
8µm data to identify and re-integrate over-resolved radio emission
which has been broken up by the source finder.
3 ATLASGAL-CORNISH ASSOCIATIONS
There are 2337 CORNISH sources located within the region
common to both surveys, which corresponds to approximately
90 per cent of the CORNISH catalogue. In this section we will de-
scribe the matching procedure and classification of the matched
sources and discuss the properties of the associated clumps.
3.1 Matching statistics and classification
In addition to the source catalogue, SExtractor also produced
image masks marking the location and extent of each extracted
ATLASGAL source. We have used these masks to identify posi-
tional matches with the CORNISH radio catalogue. This proce-
dure identified 285 ATLASGAL-CORNISH matches. This initial
sample includes chance alignments of Galactic dust emission with
extragalactic background sources, planetary nebulae (PNe) and ra-
dio emission from more extended H ii regions. The first two forms
of contamination are relatively straightforward to identify and re-
move, but emission from extended H ii regions can be more difficult
to identify. Snapshot interferometric observations, such as those
used for CORNISH, filter out the larger-scale emission (>14′′),
but are still sensitive to more compact, bright spots of emission
commonly found towards the edges of more extended H ii regions
where the ionisation front is interacting with the molecular mate-
rial.
To assist in the classification of radio emission we have cre-
ated false-colour, mid-infrared images of each of the ATLASGAL-
CORNISH matches, using data extracted from the GLIMPSE sur-
vey (Benjamin et al. 2003). These images are 5′ × 5′ in size and
combine the 4.5, 5.8 and 8.0µm IRAC bands (coloured blue, green
and red, respectively) centred on the peak of the submillimetre
emission. Examples are presented in Figs. 1 and 2 with radio and
submillimetre emission contours overlaid (see figure captions for
more details). Fig. 1 shows examples of the compact and UC H ii
regions that make up our final sample, while in Fig. 2 we present
examples of the contaminating sources that have been excluded.
The correlation of the mid-infrared emission with tracers
of the molecular gas and dust has been used in a number
of previous studies to aid in the classification of radio emis-
sion (e.g., Urquhart et al. 2009a; Hindson et al. 2012; Purcell et al.
2013). Here we use the false-colour images to classify all of the
ATLASGAL-CORNISH matches into one of five distinct types us-
ing the following criteria:
(i) Radio Star: radio emission is ubiquitous from stars across the
HR diagram (Gu¨del 2002) and is thought to originate mainly from
dynamo effects in convective envelopes or magnetospheric struc-
tures. At the sensitivity of CORNISH these sources are expected to
be detected out to distances of several kpc. Stellar sources are easily
identified by their point source morphology in GLIMPSE images
and their generally blue mid-infrared colours, as can be seen in the
upper left panel of Fig. 2.
(ii) PNe: approximately 1,000 PNe are expected to be de-
tected by CORNISH. These are expected to have typical radio
continuum flux densities of 5-50 mJy and sizes of a few arcsec-
onds (Hoare et al. 2012). These objects have similar mid-infrared
colours to the embedded H ii regions in which we are interested but
their spectral energy distributions (SEDs) tend to peak at shorter
wavelengths than the latter and, thus, the majority will not be de-
tected by ATLASGAL. The dusty envelopes of some nearby PNe
will be detected. However, these objects are generally isolated in
near- and mid-infrared images, having dispersed their natal clump,
and have a relatively simple infrared morphology making them rel-
atively easy to identify (Purcell et al. 2012). Two examples are pre-
sented in the upper middle and right panels of Fig. 2.
(iii) Extragalactic background sources: these are usually located
away from the peak of the submillimetre continuum and are not
typically associated with any mid-infrared emission. Their radio
emission also tends to be weaker than for UC H ii regions and they
are generally only marginally resolved and so can be well fitted
with a Gaussian profile. Three examples of some of these extra-
galactic background sources are presented in the middle panels of
Fig. 2.
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Figure 1. Examples of the local mid-infrared environments found towards the ATLASGAL-CORNISH identified compact and UC H ii regions and included
in the final catalogue (see text for details). These images are composed of the GLIMPSE 3.6, 4.5 and 8.0µm IRAC bands (coloured blue, green and red
respectively) which are overlaid with grey contours showing the ATLASGAL 870µm thermal dust emission, and black contours showing the CORNISH
5 GHz radio continuum emission. The ATLASGAL source name is given above the image, while the CORNISH source name is given in white in the top part
of the image. The CORNISH and ATLASGAL survey resolutions are indicated by the green circles and the white hatched circle in the lower left corner of
each image, respectively. The contour levels start at 2σ and increase in steps set by a dynamically determined power-law of the form D = 3 × Ni + 2, where
D is the dynamic range of the submillimetre emission map (defined as the peak brightness divided by the local r.m.s. noise), N is the number of contours
used (8 in this case), and i is the contour power-law index. The lowest power-law index used was one, which results in linearly spaced contours starting at 2σ
and increasing in steps of 3σ (see Thompson et al. 2006 for more details). The advantage of this scheme over a linear scheme is its ability to emphasise both
emission from diffuse extended structures with low surface brightness and emission from bright compact sources.
(iv) Evolved H ii regions: for these sources the radio emission
is found to be coincident with diffuse PAH emission at 8µm, asso-
ciated with the ionization front where UV photons are interacting
with the surrounding dust. The radio emission is typically a factor
of three weaker (see Table 1 for average values), often has an ir-
regular morphology, and tends to be associated with only part of
the shell structure surrounding the H ii region, as viewed in mid-
infrared images. Any compact radio emission is therefore more
likely to arise from localised dense parts of the shell rather than
being a genuine compact or UC H ii region. Three examples of
these more extended H ii regions are presented in the lower pan-
els of Fig. 2 (see also Deharveng et al. 2010 for detailed study of
ATLASGAL sources associated with these more evolved H ii re-
gions).
(v) Compact and UC H ii regions: radio sources that appear to be
self-contained regions of radio continuum emission that are coinci-
dent with compact mid-infrared sources. These sources are usually
found towards the peak of the submillimetre emission seen in the
ATLASGAL maps. In cases where the structure of the radio emis-
sion is resolved their morphologies are also found to be correlated
with emission features seen in the mid-infrared images (Hoare et al.
2007). A selection of these H ii regions is presented in Fig. 1.
It is the last of these classifications that will be the focus of this
study. In a small number of radio sources there is some ambiguity
in the classification. We have opted to identify such cases as being
extended H ii regions in order to avoid the possibility of contami-
nating our target sample of compact and UC H ii regions. This may
result in a small number (<6) of genuine sources being wrongly
excluded but these represent only a few per cent of our final sam-
ple and are therefore unlikely to affect the results significantly. In
Table 1 we present a summary of the classifications, the number
of each type identified and the average observed radio continuum
parameters.
Since the CORNISH survey is sensitive to radio emission with
angular scales up to ∼20′′, it is likely that our final sample will con-
sist of a mixture of both compact and UC H ii regions (the physical
sizes will be investigated in Sect. 7.2). For brevity, we will refer to
the contents of this sample collectively as H ii regions in the dis-
cussion that follows.
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Figure 2. Examples of the local mid-infrared environments found towards the ATLASGAL-CORNISH matches that have been excluded from the final
catalogue (see text for details). The image details are as described in Fig. 1 with the exception of the contours overlaid on the images presented in the middle
and upper left panels; these are shown in yellow to make the radio emission more prominent.
3.1.1 Contamination from background radio sources
There are approximately 2,600 compact radio sources in the COR-
NISH catalogue, most of which (∼80 per cent) are likely to be
extragalactic in origin. With such a large number of background
sources there is a non-negligible probability of contamination from
the chance alignment between these background sources and the
dust emission detected by ATLASGAL. In our visual inspection of
the mid-infrared images we have identified 8 of the ATLASGAL-
CORNISH matches as being due to background source contamina-
tion. However, we need to check this number against the probability
of such alignments occurring.
To estimate the number of chance alignments we have con-
ducted a Monte-Carlo simulation in which 2,000 point sources
were randomly distributed in longitude and latitude over the COR-
NISH survey region. The resulting catalogue was then compared
with the ATLASGAL emission masks and the number of matches
noted. After one hundred repeats the number of chance alignments
ranged from 9 to 20 with a mean value of 14± 4, where the error is
the standard deviation.
The number of expected chance alignments of background
c© 2009 RAS, MNRAS 000, 1–??
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Table 1. Summary of ATLASGAL-CORNISH radio source classifications
and average radio continuum parameters.
Classification Number Peak Flux Int. Flux Angular Diameter
(mJy beam−1) (mJy) (′′)
Radio Star 1 54.2 199.9 3.6
PNe 7 19.2 84.3 2.2
Background galaxies 8 5.7 9.5 2.0
H ii regions 56 13.4 312.1 9.7
Compact/UC H ii regions 213 44.4 373.0 4.4
Total 285 36.6 343.1 5.3
sources with the Galactic dust emission is in reasonable agree-
ment with the actual number identified. It is therefore likely that we
have identified the majority of the extragalactic background sources
that would otherwise contaminate our sample. There may still be a
small number of extragalactic interlopers that have made it into our
final H ii region sample but contamination from these is at most
few per cent. Furthermore, it is likely that these interlopers will be
weeded out at a later stage of the analysis as we expect their de-
rived parameters will deviate from those of the larger sample of
H ii regions.
3.2 Reliability of the H ii region catalogue
As a consistency check on our classifications we have compared
our H ii region catalogue to the samples identified from the targeted
surveys of Wood & Churchwell (1989a) and Kurtz et al. (1994).
These studies identified candidate UC H ii regions by selecting
sources with similar infrared colours to those of known UC H ii re-
gions. The infrared-selected sample was then observed in the radio
continuum with the VLA.
Wood & Churchwell (1989a) identified 75 UC H ii regions,
60 of which are located in the ATLASGAL-CORNISH region.
We recover 48 of these; however, of these we classify four as ex-
tended, rather than compact or UC H ii regions (i.e., G10.15−0.34,
G10.46+0.03B, G35.05−0.52 and G45.48+0.13) and one as a PN
(G10.10+0.73; see upper centre panel of Fig. 2 for an image of
this object). Eight of the remaining twelve Wood & Churchwell
(1989a) sources are unresolved and are probably a mixture of extra-
galactic background sources and more distant H ii regions that fall
below the sensitivity of either CORNISH or ATLASGAL. Using
the CORNISH database, we find that G50.23+0.33, G42.90+0.57A
and G42.90+0.57B have been classified as extragalactic radio
lobes. Two other sources (G44.26+0.10 and G33.50+0.20) are in-
cluded in the CORNISH catalogue but there is no significant dust
emission coincident with the radio position, which would be ex-
pected if these were genuine compact or UC H ii regions.
No radio emission is detected in CORNISH towards three
more of the Wood & Churchwell (1989a) sample of UC H ii re-
gions, G54.0960.059, G15.040.68 and G10.46+0.03A. The first
of these is unresolved with a peak flux of 1.8 mJy beam−1 and
so is likely to fall below the CORNISH catalogue’s 7σ thresh-
old (∼ 2.8 mJy beam−1). The second is located towards the M17
star forming complex, which has significant bright, extended ra-
dio emission, causing locally increased, artefact-dominated noise
(r.m.s. ∼6 mJy beam−1) in the associated CORNISH tiles; hence
this object was not recovered. The third source is detected in the
CORNISH data, but below the 7σ threshold. This source was found
to have a peak flux of 43.1 mJy beam−1 by Wood & Churchwell
(1989a) and so may be variable.
Kurtz et al. (1994) identified an additional 29 UC H ii re-
gions in the ATLASGAL-CORNISH area and we find 28 of
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Figure 3. UC H ii region density as a function of ATLASGAL clumps. The
bin size is 1.
these in our matched sample. However, one radio source (i.e.,
G35.580+0.066) is coincident with the edge of what appears to be
a more evolved H ii region, and so has been excluded from our
final sample (see bottom right panel of Fig. 2). The missing ra-
dio source (i.e., G53.605+0.046) is unresolved in the Kurtz et al.
(1994) data, with a 3.6 cm peak and integrated continuum flux den-
sity of 1.1 mJy beam−1 and 1.5 mJy, respectively. Assuming a flat
spectral index (α ∼ −0.1 for thermal free-free emission) we expect
a similar flux density in the CORNISH data, which would place it
below the 7σ threshold.
Of the 89 UC H ii regions identified by Wood & Churchwell
(1989a) and Kurtz et al. (1994) in the ATLASGAL-CORNISH re-
gion, we have matched 76 with dust emission, though, we classified
six as either part of the shell of a more evolved H ii region, or a PN.
The remaining 13 radio sources not matched to any dust emission
and are therefore likely to be part of the extragalactic background
population.
Another aspect of the reliability of our sample that we need to
consider is the possibility of missing genuine H ii regions because
their associated dust envelope falls below the ATLASGAL sensitiv-
ity. As discussed in Sect. 2.1 the ATLASGAL survey is sensitive to
clumps with masses above 1,000 M⊙ across the Galaxy (∼20 kpc).
If we assume the Kroupa (2001) initial mass function (IMF) and
a constant star-formation efficiency of between 10 and 30 per cent
(e.g., Johnston et al. 2009; Lada & Lada 2003) a minimum mass of
∼1-3 × 103 M⊙ is required to form at least one ∼10 M⊙ star (e.g.,
Zinnecker & Yorke 2007), which is approximately equivalent to a
star with a spectral type of B1. Given that the CORNISH survey is
sensitive enough to detect an optically thin unresolved UC H ii re-
gion around a star of spectral type B0 or earlier across the Galaxy
(Purcell et al. 2013), it is unlikely we have missed many UC H ii
regions in this way.
Combining the ATLASGAL and CORNISH data sets has pro-
vided a simple and reliable method to identify a large sample of
molecular clumps associated with H ii regions with relatively uni-
form noise characteristics for both the radio continuum and submil-
limetre data. Moreover, this constitutes an unbiased and relatively
complete sample of H ii regions over a large enough region of the
Galaxy to provide statistically robust results.
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Figure 4. Galactic longitude distribution of ATLASGAL sources (grey filled histogram) and ATLASGAL-CORNISH associated clumps (blue histogram) are
presented in the lower panel, while in the upper panel we present the ratio of the two histograms presented in the lower panel. The errors plotted in the upper
panel are derived using Poisson statistics. The bin size used is 2◦.
3.3 Multiplicity
In total, 170 ATLASGAL sources are found to be associated with
one or more H ii regions. Fig. 3 shows the number of H ii regions
associated with each ATLASGAL source. In the majority of cases
(147 or 86 per cent) the ATLASGAL source is associated with a
single embedded H ii region, and only 23 are associated with two
or more UC H ii regions. Only in five cases are ATLASGAL sources
associated with more than two H ii regions. We have been particu-
larly careful in our analysis to exclude emission that appears likely
to arise from larger H ii regions. Furthermore, in each of these cases
the radio emission is found to be a bright compact source and, in
nearly all cases, is coincident with a discrete mid-infrared point
source. We are therefore confident that these represent separate H ii
regions and not a problem with over resolved emission, which can
ofter be an issue with snapshot surveys.
The one object that stands out is AGAL043.166+00.011,
which is associated with 13 compact radio sources. This AT-
LASGAL detection is part of the W49A star-forming com-
plex that also includes two other ATLASGAL objects, i.e.,
AGAL043.148+00.014 and AGAL043.164−00.029, which are
themselves associated with five more H ii regions. In total, this
complex is associated with 18 compact and UC H ii regions, giv-
ing it the highest surface density of H ii regions in the part of the
Galaxy covered by CORNISH and ATLASGAL.
Three other intense star forming regions (W31, G34.3+0.1 and
AGAL020.081−00.136) contribute another ten H ii regions to the
total and so, combined with W49A, these represent a significant
fraction of the total number of H ii regions identified (∼13 per cent)
but only constitute a few per cent of the total number of associated
clumps. We therefore need to be careful that these rather intense
star forming regions do not affect the overall statistical results un-
duly.
3.4 Galactic longitude and latitude distribution
In the lower panels of Figs 4 and 5 we show the Galactic longi-
tude and latitude distributions of the whole ATLASGAL compact
source catalogue (filled grey histogram) and of the associated H ii
regions identified from the CORNISH catalogue (blue histogram).
In the upper panels of these figures we present the ratio of the two
distributions, in each case. The ratio of the population of H ii-region
associated clumps with the total ATLASGAL source counts can be
interpreted as an analogue of, or approximation to, the high-mass
star-formation efficiency of dense cores, evaluated on medium to
large scales (0.1-1 kpc) and integrated over the timescale associated
with the UC H ii region phase. Since the latter is relatively short (a
few times 105 yr; Davies et al. 2011; Mottram et al. 2011a), we can
assume that any differences in the duration of a phase of star for-
mation from region to region are not a significant influence on this
ratio.
For the most part, the ratio is relatively flat and low across the
longitude range of the sample. The mean value is 0.06 with sam-
ple standard deviation of 0.05, standard error on the mean of 0.01
and the median is 0.05. Almost all the values for each 2-degree
longitude bin are within 2σ of the mean and most are within 1
sigma. The obvious exception comes in the ℓ = 42-44◦ bin in
which the ratio is 0.25± 0.065, more than 3σ above the mean. This
bin contains the “mini-starburst” star-forming region W49A (see
Sect. 3.3). While several massive star-forming regions have been
put forward as Galactic-scale analogues of extragalactic starburst
systems, W49A may be genuinely different. Its embedded massive
young stellar objects (MYSOs) or proto-clusters have an integrated
bolometric luminosity of 6.9 × 106 L⊙, dominated by two sources
in the infrared-selected Red MSX Source (RMS; Urquhart et al.
2008b) catalogue (G043.1679−00.0095 and G043.1650−00.0285)
with Lbol > 106 L⊙. The infrared-traced star-formation efficiency
in W49A is very high (Lbol/MCO = 32 ± 6 L⊙ M⊙−1) and its lumi-
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nosity function may be flatter than normal (Moore et al. 2012). Gas
temperatures and densities are high at 50-100 K and ∼ 106 cm3, re-
spectively (Roberts et al. 2011; Nagy et al. 2012). Also W49A is
a source of very high-energy gamma rays (Brun et al. 2011) which
may be the cause of the additional gas heating characteristic of star-
bursts (Papadopoulos et al. 2011).
Several other major star-forming complexes are included in
the sample, notably W43 in the Scutum arm tangent at ℓ ∼ 30◦,
W51 in the Sagittarius arm tangent at ℓ ∼ 49◦ and W31 at ℓ = 10◦,
and at least the first two of these have also been labelled as mini-
starburst regions. On the scale of individual GMCs, the SFR in
these regions may be very high but, on the scales traced by these
data, they have little effect on the average SFE (e.g., Eden et al.
2012). W49A is exceptional in this regard (see also Moore et al.
2012).
As noted in previous studies of the ATLASGAL data (i.e.,
Schuller et al. 2009; Beuther et al. 2012; Contreras et al. 2013) the
peak in the latitude distribution of the general population of com-
pact ATLASGAL sources is skewed slightly to a negative value
of b. This is consistent with the Sun’s location above the Galactic
mid-plane (Humphreys & Larsen 1995). However, we note that the
peak in the source counts of ATLASGAL clumps associated with
H ii regions is peaks at b = 0. This difference in latitude distribution
is most likely a distance effect, since the H ii region sample has a
significantly larger mean distance than the unmatched sources (see
also Sect. 4.2).
3.5 Correlation between H ii regions and their natal clumps
3.5.1 Clump-H ii region angular correlation
Thompson et al. (2006) reported a significant difference in the
angular offsets of embedded UC H ii regions and of methanol
masers, relative to the peak submillimetre flux of their host clumps.
They used separations between methanol masers and submillime-
tre clumps drawn from targeted SCUBA observations reported by
Walsh et al. (2003), and compared positions from 850-µm SCUBA
observations to those of UC H ii regions taken from the literature
(i.e., Wood & Churchwell 1989a; Kurtz et al. 1994; Giveon et al.
2005). Comparing these two samples, Thompson et al. (2006)
found that the UC H ii regions had, on average, significantly larger
offsets from the submillimetre peaks than the methanol masers and
discussed several explanations for this.
In the left panel of Fig. 6 we present the 2d distribution of
angular offsets for the ATLASGAL-CORNISH sample of H ii re-
gions. This plot reveals the presence of a systematic offset of ∼2′′
in Galactic longitude. This offset is approximately six times larger
than the standard error on the measurement and is therefore signifi-
cant. Since the CORNISH data have been referenced to calibrators
with positional accuracies much better than 1′′ this positional dis-
crepancy is likely to be associated with the ATLASGAL data. This
positional offset is approximately 10 per cent of the ATLASGAL
survey’s resolution (19.2′′) and approximately half of the r.m.s.
pointing error for the ATLASGAL survey (∼4′′; Schuller et al.
2009) and so is not significant for this work.
The right panel of Fig. 6 shows the normalised source counts
(i.e., source counts divided by the area of the bin annulus) dis-
tribution for this sample, corrected for the systematic offset men-
tioned in the previous paragraph (grey filled histogram). In addi-
tion we have plotted the corresponding distribution for the sample
of ATLASGAL clumps matched with methanol masers presented
in Paper I (red histogram). The two distributions appear very simi-
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Figure 5. Galactic latitude distribution of ATLASGAL sources (grey filled
histogram) and ATLASGAL clumps associated with one or more H ii re-
gions (blue histogram) are presented in the lower panel, while in the up-
per panel we present the ratio of the two histograms presented in the lower
panel. The errors plotted in the upper panel are derived using Poisson statis-
tics. The bin size used is 0.1◦.
lar and indeed a Kolmogorov-Smirnov (KS) test gives a p-value of
0.03 and is therefore unable to reject the null hypothesis that these
two distributions are drawn from the same parent population (to re-
ject the null hypothesis with > 3σ confidence the p-value must be
< 0.003). The positions of the embedded massive stars traced by
the methanol masers and H ii regions are therefore closely corre-
lated with the peak of the submillimetre emission, which is itself
typically found towards the geometric centres of clumps (mean off-
set is 0.68′′ with standard error and deviation of 0.48′′ and 6.25′′ ,
respectively).
This is in contrast with the results reported by Thompson et al.
(2006). Since the angular distribution for the methanol masers and
submillimetre clumps is broadly in agreement with that determined
by Walsh et al. (2003), we conclude that the difference is associ-
ated with the UC H ii region positions. We tested the astrometry of
the ATLASGAL sources and their associated methanol masers in
Paper I and found it to be in excellent agreement. Thompson et al.
(2006) were careful to check the astrometry of their submillimetre
observations and so the issue is likely to reside in the positional
accuracy of the various radio catalogues used by Thompson et al.
(2006). We note that 80 per cent of the sample of UC H ii re-
gions discussed by Thompson et al. (2006) were drawn from the
Giveon et al. (2005) catalogue, which was colour selected from
a larger sample of 5 GHz Galactic radio sources presented by
c© 2009 RAS, MNRAS 000, 1–??
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Figure 6. Left panel: Two-dimensional distribution of the angular offsets between the peak of the ATLASGAL dust emission and the matched CORNISH
sources. The dashed vertical and horizontal lines indicate the x and y = 0 axes, respectively. The blue cross indicates the mean offset in longitude and latitude
of the whole sample revealing a systematic offset from the 0,0 position (∆ℓ = −1.95 ± 0.28 and ∆b = −0.24 ± 0.29). Right panel: Normalised source counts
for the H ii regions (grey filled histogram), and methanol maser distribution from Paper I (red histogram), are shown as a function of separation between their
position and that of the peak of the submillimetre emission of their associated ATLASGAL source. The peak of the methanol maser distribution has been
normalised to that of the H ii region distribution to facilitate comparison of the two samples. A correction has been made to compensate for the systematic
offset seen in the left panel of this figure. We have truncated the x-axis of this plot at 26′′ as there are only eight H ii regions that have larger separations and
the angular surface density effectively falls to zero. The bin size is 2′′.
White et al. (2005). However, a comparison of the positions given
for the same sources in these catalogues (i.e., those of White et al.
2005 and Giveon et al. 2005) reveals the presence of a systematic
offset of 5′′ in Declination. It is unclear where this positional error
in Giveon et al. (2005) has come from, however, it has led to the
larger offset between the radio sources and the peak submillimetre
emission of their host clumps reported by Thompson et al. (2006).
3.5.2 Clump structure and morphology
Fig. 7 shows the distributions of the aspect ratio and the Y-factor
(ratio of integrated to peak submillimetre fluxes) for both the
ATLASGAL-CORNISH H ii regions and methanol-maser associ-
ated clumps discussed in Paper I (blue and red histograms, respec-
tively). These have been overlaid on the distributions of the same
parameters for the whole ATLASGAL compact source catalogue
(grey filled histogram). Examination of these distributions reveals
significant differences between the aspect ratios and Y-factors of
the H ii region-associated clumps and those of the ATLASGAL
compact source catalogue, with the H ii region clumps having a
more spherical structure within which the massive star formation is
taking place.
The H ii region and methanol-maser samples have very similar
aspect-ratio and Y-factor distributions. The median aspect ratio and
Y-factor for the H ii region and methanol-maser associated clumps
are 1.33 and 1.4, and 4.41 and 4.6, respectively. For both param-
eters, a KS test comparing the two samples is unable to reject the
null hypothesis that they are drawn from the same parent distribu-
tion (p-values are 0.03 and 0.05 for the aspect ratio and Y-factor,
respectively).
The fact that there is no significant difference in clump struc-
ture between the various embedded stages of massive star forma-
tion was noted in Paper I, as well as by previous studies of high-
mass protostellar cores (Williams et al. 2004) and UC H ii regions
(Thompson et al. 2006). This has led to the conclusion that the
structure of the clump envelope does not evolve significantly during
the early embedded stages in the massive star-formation process,
and this is consistent with our present findings.
The right panel of Fig. 6 presents the angular separation be-
tween the H ii regions and the peak of the submillimetre emission
and reveals a strong correlation between the two. However, given
the large angular size distribution of the ATLASGAL clumps this
plot does not provide a reliable indication of where in the clumps
the star formation is taking place. In Fig. 8 we present the surface
density as a function of the normalised clump effective radii, which
shows the distribution of H ii regions with respect to the clump ra-
dius.1 There is a very strong correlation between the positions of the
H ii regions and the centre of the clump’s where the highest column
densities are found, with the majority being located within the in-
ner 10-20 per cent of their clumps radius. Only 7 sources are found
to have normalised clump effective radii larger than 0.6, which cor-
responds to ∼4 per cent of the sample.
The aspect ratio of the clumps and the tight angular corre-
lation between the H ii regions and dense gas found towards the
centre of the clumps suggests that the majority of these massive
stars are forming in the inner most parts of centrally condensed,
spherical structures. Although the mean offset is almost negligi-
ble we note that for many cometary H ii regions the peaks of
the radio and submillimetre emission are measurably offset (e.g.,
G019.0767−00.2882, which is offset by 4′′ from the peak in the
dust emission — lower right panel of Fig. 1). However, these off-
sets are at the limit of the resolution of these data.
1 The effective radii is as defined in Rosolowsky et al. (2010).
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Table 2. Summary of derived parameters.
Parameter Number Mean Standard Error Standard Deviation Median Min Max
Angular Offset (′′) 213 7.32 0.58 8.42 4.93 0.32 61.28
Aspect Ratio 170 1.44 0.03 0.44 1.32 1.01 4.89
Y-factor 170 4.87 0.18 2.34 4.36 1.52 13.82
FWHM Line Width (km s−1 ) 126 2.77 0.11 1.20 2.55 0.86 11.0
Kinetic Temperature (K) 115 24.65 0.55 5.89 23.33 14.68 60.76
Heliocentric Distance (kpc) 169 9.09 0.32 4.17 9.78 1.87 18.60
Radius (pc) 154 1.52 0.07 0.88 1.38 0.19 6.01
Log[Clump Mass (M⊙)] 169 3.96 0.34 4.38 3.69 1.72 5.46
Log[Viral Mass (M⊙)] 123 3.93 0.37 4.07 3.74 2.08 4.89
Viral Ratio 123 2.47 0.17 1.88 2.08 0.25 14.90
Log[Lyman Continuum Flux (s−1)] 212 47.66 0.06 0.85 47.73 45.49 49.69
UC H ii Region Observed Diameter (′′) 212 4.44 0.25 3.61 2.88 1.5 23.42
UC H ii Region Diameter (pc) 212 0.16 0.01 0.17 0.11 0.01 0.89
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Figure 7. The aspect ratio and Y-factor distributions for the ATLASGAL-
CORNISH H ii region associated clumps are shown in the upper and lower
panels, respectively (blue histogram). The distribution of the whole sample
of ATLASGAL compact sources located between ℓ = 10-60◦ and |b| < 1 is
shown by the grey filled histogram while the ATLASGAL-MMB associated
clumps are shown in red. The peaks of the H ii and methanol maser distri-
butions have been scaled to the peak of the ATLASGAL compact source
distribution. The bin sizes used for the aspect ratio and Y-factor distribu-
tions are 0.1 and 1, respectively.
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Figure 8. Compact and UC H ii region surface density as a function of nor-
malised clump effective radius. We have truncated the x-axis at a normalised
effective radius of 0.6 as there are only seven sources with radii larger than
this and the distribution effectively falls to zero beyond this point. The bin
size is in units of 0.05 times the effective radius.
4 KINEMATIC PROPERTIES OF THE CLUMPS
4.1 Molecular line data
In order to obtain velocity information for our sample of massive,
star-forming clumps, we have searched the literature to find com-
plementary molecular line data. Where available, we have given
preference to molecular transitions with high critical densities. The
majority of the source velocities are taken from one of three re-
cently reported sets of targeted observations of the lower excitation
states of the ammonia inversion transition (NH3 (1,1), (2,2) and
(3,3); Urquhart et al. 2011b; Dunham et al. 2011a; Wienen et al.
2012). These studies used the Green Bank and Effelsberg 100-m
telescopes, with a resolution of ∼30 and ∼40′′, respectively, and so
are reasonably well matched to the submm clump sizes. Between
them, these programmes observed 126 of our H ii-region associ-
ated sample of clumps, providing unambiguous velocities and line
widths. The NH3 (2,2) transition was detected towards 115 of these
sources allowing their kinetic temperatures to be estimated.
A further 24 clumps have been observed by Schlingman et al.
(2011) using HCO+ (3-2) and N2H+ (3-2) as part of follow-
up observations of sources detected in the Bolocam Galac-
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tic Plane Survey (BGPS; Aguirre et al. 2011). The velocities
for another 13 clumps were drawn from targeted observations
made by Bronfman et al. (1996), Blum et al. (2000), Urquhart et al.
(2009b), Anderson & Bania (2009) and Walsh et al. (2011). In total
we have been able to obtain velocities from the literature for 163 of
the 170 clumps in our sample.
Of the remaining seven sources, three have been observed as
part of an ATLASGAL follow-up programme using the IRAM 30-
m telescope. Analysis is still ongoing for these data and their results
will be discussed in detail in a future publication (Csengeri et al. in
prep.). However, we have been able to extract the source velocities
from the preliminary data reduction and these should be reliable
enough to estimate the kinematic distance to these sources. For the
remaining four sources we have obtained a 13CO (3-2) spectrum
from the JCMT HARP survey of the Galactic plane (Toby Moore,
private comm.) for two sources, and obtained Director’s time on the
Mopra radio telescope to observe the other two sources.2
Using a combination of literature values and the ad-hoc ob-
servations described in the previous paragraph, we have been able
to obtain a radial velocity for every object in our sample. In the
following two subsections, we will use the observed molecular
properties to investigate the Galactic longitude-velocity distribu-
tion, velocity dispersion and temperature distribution of these mas-
sive, star-forming clumps.
4.2 Galactic longitude-velocity distribution
In Fig. 9 we present the longitude-velocity distribution of our sam-
ple with respect to that of the molecular gas as traced by the 12CO
(1-0) emission mapped by Dame et al. (2001) and the predicted po-
sition of the spiral arms from Taylor & Cordes (1993) and updated
by Cordes (2004). The distribution of the compact and UC H ii re-
gions agrees well with the location of the model spiral arms, in
general. However, the H ii-region and molecular-gas distributions
correlate significantly less well.
This is in stark contrast to the longitude-velocity distribution
of a large sample of ATLASGAL sources observed in ammonia by
Wienen et al. (2012, i.e., from the general ATLASGAL catalogue).
These authors found a much stronger correlation between the dis-
tribution of ATLASGAL sources and the molecular gas (see their
Fig. 3). One possible explanation is that the velocities have been
incorrectly assigned to our sample, but the majority of these have
been drawn from targeted observations using high density tracers
(e.g., NH3, CS and HCO+ data discussed in the previous subsec-
tion). These data all show a single, unambiguous velocity compo-
nent in the direction of each source and are therefore unlikely to be
incorrect.
Inspection of the various distributions shown in Fig. 9 shows
that the CO emission associated with the more distant Norma arm
is relatively weak and occurs in small, rather isolated sources but
that the HII regions here are quite well correlated with the CO. In
Section 5 we derive distances for the whole sample of clumps and
find that the majority are located at heliocentric distances greater
than ∼10 kpc. From these two points we conclude that the appar-
ent anti-correlation between molecular gas and H ii region distribu-
tions is because the CO emission is dominated by bright, relatively
nearby clouds, with emission from the more distant clouds reduced
2 The Mopra radio telescope is part of the Australia Telescope National
Facility which is funded by the Commonwealth of Australia for operation
as a National Facility managed by CSIRO.
by beam dilution. The higher correlation observed by Wienen et al.
(2012) suggests that the general ATLASGAL catalogue is also
dominated by a large population of nearby sources (see also the
discussion in Sect. 3.4.3).
4.3 Line widths and temperatures
Given the variety of molecular tracers used to obtain velocity infor-
mation, it is not straightforward to directly compare the line widths
and kinetic temperatures measured from these different tracers. In
this subsection, therefore, we will concentrate on the properties de-
rived from the ammonia observations, and although these are not
available for the complete sample, they do include a sufficiently
large fraction of the sample (∼70 per cent) such that the statistical
results will be reliable.
In Fig. 10 we present histograms showing the FWHM line
width of the ammonia (1,1) inversion transition (left panel) and the
kinetic temperature derived from the ratio of the NH3 (1,1) and
(2,2) transitions (see Urquhart et al. 2011b for more details). The
statistical values for these two clump properties are tabulated in
Table 2. The ammonia line widths have been determined from a si-
multaneous fit to the main and satellite features of the NH3 (1,1)
line and so these have been corrected for the effects of line broad-
ening due to high optical depths. We note that determination of
the kinematic temperature requires the detection of the NH3 (2,2)
transition and therefore the distribution shown in the right panel of
Fig. 10 may contain a selection bias to higher temperatures.
The mean line width (∼2.8 km s−1) is typical of those found
towards other young massive star formation regions identified by
methanol masers (e.g., Wienen et al. 2012; Pandian et al. 2009) and
MYSOs (Urquhart et al. 2011b), but significantly larger than for
the general population of BGPS clumps reported by Dunham et al.
(2011a) and the subsample of infrared dark ATLASGAL sources
reported by Wienen et al. (2012) (∼1.9 km s−1 for both). The differ-
ence is approximately 7 times the standard error of the mean line
width. It is unclear at this point whether the increase in line width
seen towards the UC H ii region sample is a result of increased feed-
back from the embedded star formation or simply reflects that the
clumps associated with H ii regions are typically found at larger
distances and consequently the physical scale probed by the tele-
scope beam is larger; in accordance with the Larson size-line width
relation (Larson 1981).
We find a mean kinetic temperature of ∼25 K, which is
again similar to those of the methanol-maser and MYSO samples.
However, it is significantly higher than found for starless clumps
that tend to have kinetic temperatures of ∼15 K (e.g., Pillai et al.
2006; Dunham et al. 2011a; Wienen et al. 2012). This suggests that
young embedded stars are internally heating their host clump on
scales large enough to be detected by the present data. It is im-
portant to note that all of these ammonia observations have been
directed towards the peak of the submillimetre emission or the in-
frared emission associated with the embedded H ii regions. These
observations are probing the hottest and most active parts of each
clump and therefore the line width and kinetic temperatures are ef-
fectively upper limits. It is likely that the kinetic temperature of the
gas in the more extended envelope, which contributes the majority
of the flux, will be lower. We note that the kinetic temperature of the
gas and dust are likely to be significantly higher closer to the H ii
regions, but the single dish telescopes used for these ammonia ob-
servations are unable to probe these size scales. However, the pro-
portion of the total clump mass at higher temperature is very small
and unlikely to significantly affect the estimated clump masses.
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Figure 9. Galactic longitude-velocity distribution of H ii-region associated clumps. The background image shows the distribution of molecular gas as traced
by the integrated 12CO J=1–0 emission (Dame et al. 2001); the colour bar on the right shows the relative intensity of the emission. The orange circles mark
the positions of the UC H ii regions and the white lines indicate the location of the spiral arms taken from the model by Taylor & Cordes (1993) and updated
by Cordes (2004).
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Figure 10. Left panel: FWHM line width distribution of the NH3 (1,1) inversion transition determined from the 126 clumps observed by Urquhart et al.
(2011b); Dunham et al. (2011a); Wienen et al. (2012). Right panel: distribution of kinetic gas temperatures determined for the 115 clumps towards which both
the NH3 (1,1) and (2,2) transitions are detected.
5 DISTANCES
In the previous section we identified a large sample of compact
and UC H ii regions and their host clumps in which they are still
deeply embedded. Before we can begin to investigate the properties
of these massive star forming environments (e.g., masses, densities
and physical sizes) we need to determine their distances. Many of
these H ii regions were previously known and so distances are avail-
able in the literature for a significant fraction of the sample. We
have therefore conducted a comprehensive review of the literature
and have identified 24 clumps that have measured maser parallax
or spectroscopic distances (e.g., Reid et al. 2009 and Moise´s et al.
2011, respectively), and kinematic distances for ∼100 additional
clumps.
Although maser parallax and spectroscopic distances are the
most reliable method for determining distances, these types are
only available for a relatively small fraction of our sample. It is
therefore necessary to resort to kinematic distances; these will be
discussed in more detail in the following subsection.
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Figure 11. Source-averaged continuum-included H i spectra extracted from
the SGPS and VGPS archives towards two H ii regions for which a distance
is not available in the literature. In the upper and lower panels we provide
an example of a source located at the near and far distances, respectively.
The source velocity (vs), the velocity of the tangent point (vt) and the po-
sition of the first absorption minimum (va) are shown by the red, blue and
green vertical lines, respectively. The grey vertical band covers the velocity
region 10 km s−1 either side of the source velocity and is provided to give
an indication of the uncertainty associated with it due to streaming motions.
The dotted horizontal line shows the 4σr.m.s noise level determined from ab-
sorption free parts of the spectra. The emission profiles of sources located at
the far distance will show absorption dips at all velocities up to the tangent
velocity.
5.1 Kinematic distances
We use the radial velocities discussed in Sect. 4.1 in conjunction
with the Galactic rotation model of Brand & Blitz (1993, θ0 =
220 km s−1 and R0 = 8.5 kpc, where θ0 is the circular rotation
speed and R0 is the distance to the Galactic centre) to estimate each
source’s kinematic distance. For sources located within the Solar
circle (i.e., < 8.5 kpc from the Galactic centre) there are two pos-
sible distances that are equally spaced on either side of the tangent
position. These distances are known as the near and far distances
and the degeneracy is commonly referred to as the kinematic dis-
tance ambiguity (KDA). Resolutions of this problem are discussed
below. To estimate the associated distance uncertainties we have
assumed an uncertainty of ±10 km s−1 for the radial velocities (i.e.,
streaming motions; Reid et al. 2009), which corresponds to an er-
ror in the kinematic distances of ∼0.6-1 kpc. These distances are
given in Table 3 for individual clumps and their overall statistics
are summarised in Table 2.
Of the 146 clumps for which we were unable to assign a maser
parallax or spectroscopic distance we find: twelve have negative
velocities and are therefore located outside the Solar circle and so
are not affected by KDA; thirteen are located within 10 km s−1 of
the tangent velocity and so have been placed at that distance; one
was placed at the near distance as a far distance allocation would
place it at an unrealistically large height above the Galactic mid-
plane for a massive star formation region (i.e., z > 120 pc, which is
four times the scale height for massive stars; Urquhart et al. 2011a;
Reed 2000). From the literature review we were able to identify
a further 73 clumps included in previous studies that have already
resolved their distance ambiguities.
From the literature and the automatic assignment of sources
to the near, far and tangent distances, described at the beginning of
the previous paragraph, we have obtained distances for 124 clumps
(∼75 per cent of the sample). For the remaining 46 clumps we have
extracted H i spectra from the Southern Galactic Plane Survey
(SGPS; McClure-Griffiths et al. 2005) and the VLA Galactic Plane
Survey (VGPS; Stil et al. 2006). There are two H i-related methods
that can be employed to resolve KDAs; these are known as the ab-
sorption against a continuum (Fish et al. 2003; Kolpak et al. 2003;
Anderson & Bania 2009; Roman-Duval et al. 2009; Urquhart et al.
2012) and the H i self-absorption technique (Jackson et al. 2002;
Roman-Duval et al. 2009; Green & McClure-Griffiths 2011).
5.1.1 H i absorption against a continuum source
This method is the most reliable and works by identifying H i ab-
sorption features towards strong continuum sources such as H ii re-
gions (see Anderson & Bania 2009 for details and comparison with
the H i self-absorption method). The technique works on the prin-
ciple that H i gas associated with the molecular clouds that contain
an H ii region will produce an absorption dip at the same velocity as
the cloud. There is a high likelihood that numerous H i clouds will
lie along the line of sight towards a distant continuum source and
so H i spectra towards sources at far distances will show absorption
features at all intervening velocities, including at or near the tan-
gent velocity. On the other hand, H i spectra towards H ii regions
at near distances will show only absorption features at velocities
between the velocity of the H ii region and the observer.
We identified 22 sources for which this method could be re-
liably employed and followed the method defined by Kolpak et al.
(2003) and the procedures described in Urquhart et al. (2012). We
provide the continuum images and 21-cm emission profiles in
Fig. 11 and give the assigned distance in Table 3.
5.1.2 H i self-absorption
This technique is similar to the absorption against a continuum
method in that objects located at the near distance are associated
with extended envelopes of cool H i that absorb the background
emission from warmer H i in the interstellar medium at the same
radial velocity as the target. However, for sources located at the far
distance there is effectively no background H i to absorb and no
absorption signature is seen. This method can be used for the H ii
regions that do not produce sufficient continuum emission to be de-
tected in the VGPS/SGPS data but is inherently less secure as there
are frequently multiple absorption components, most of which are
extremely weak against the H i background (∼80 per cent reliabil-
ity; Busfield et al. 2006, see also discussion in Anderson & Bania
2009). However, in the absence of more accurate distance measure-
ments and strong continuum emission it is necessary to use this
method.
A comprehensive description of this method can be found in
Jackson et al. 2002 and Roman-Duval et al. (2009). We provide the
H i profiles in Fig. 12 and give the assigned distance in Table 3.
Using this method we are able to resolve the distance ambiguities
for 23 of the remaining 24 sources. The only source we have been
unable to resolve the distance to is AGAL017.986+00.126.
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Figure 12. Example H i spectra extracted from the SGPS and VGPS
archives. In the upper and lower panel we show and example of a source
located at the near and far distance, respectively. The vertical red and blue
lines are as described in Fig. 11.
5.2 Distance distribution
Using a combination of maser parallax, spectroscopic and kine-
matic distances drawn from the literature and discussed in the pre-
vious two subsections we have compiled distances for 169 of the
170 clumps identified in Sect. 3.1.
Fig. 13 shows the distribution of H ii regions (grey filled his-
togram) and their host clumps (red hatched histogram) as a func-
tion of heliocentric distance. The two samples show a similar dis-
tribution with five peaks located at 2, 5, 10, 12 and 16 kpc. These
roughly coincide with the distances of, respectively, the near side of
the Sagittarius arm, the end of the bar and Scutum-Centaurus arm,
the far sides of the Sagittarius and Perseus arms (these two struc-
tures are somewhat blended), and the Norma spiral arm. The two
distributions differ in source counts at ∼11 kpc; this is the result of
multiple H ii regions associated with a single clump where more in-
tense star formation is taking place. The large difference in number
of H ii regions and clumps seen in this bin is almost entirely due to
the W49A star forming complex.
The distribution has a mean and median distance of
9.2±0.3 kpc and 9.8 kpc, respectively, and therefore the majority of
the sample is located on the far side of the tangent position. This is
consistent with the peak in the latitude source counts being slightly
positive as discussed in Sect. 3.4, and their apparent anti-correlation
with regions of intense CO emission discussed in Sect. 4.2.
6 CLUMP PROPERTIES
In this section we will concentrate on the physical properties of the
molecular clumps within which the compact and UC H ii regions
are embedded. We presented a detailed description of the derivation
of many of these parameters and the associated caveats in Paper I
and so we only provide a brief outline here. The parameter values
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Figure 13. Heliocentric distance distribution for the 212 H ii regions and
the 169 associated clumps are shown by the filled grey and red hatched
histograms, respectively. The strong peak seen in the H ii region distribution
at ∼11 kpc is due to the presence of the W49A star forming complex in this
bin. The bin size used is 1 kpc.
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Figure 14. Distribution of the effective radii of the H ii-region associ-
ated clumps (filled grey histogram) and that of methanol-maser associated
clumps (red). The methanol maser distribution has been scaled to the peak
of the H ii-region associated clump distribution. The dashed vertical lines
indicate the radii separating cores from clumps (0.125 pc), and clumps from
clouds (1.25 pc), respectively. The bin size is 0.2 pc.
for individual clumps are presented in Table 3, while in Table 2 we
summarise the global properties of the sample.
6.1 Clump radius
We have estimated the physical radius of the each clump us-
ing the heliocentric distances derived in the previous section and
their effective radius. In Fig. 14 we show the distribution of effec-
tive radii for the H ii region associated clumps (grey histogram)
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Table 3. Derived clump parameters.
ATLASGAL Complex H ii Aspect Peak Flux Int. Flux Y-factor VLSR Distance RGC Radius Log(N(H2)) Log(Mclump ) Log(Mvir)
Name Name Density Ratio (Jy beam−1 ) (Jy) (km s−1 ) Ref. (kpc) Ref. (kpc) (pc) (cm−2) (M⊙) (M⊙)
AGAL010.299−00.147 W31-North 1 1.9 7.67 54.18 7.06 12.8 1 2.4 1 6.2 0.79 23.18 3.23 3.44
AGAL010.321−00.257 W31-South 1 2.8 2.39 14.93 6.24 32.2 1 3.5 1 5.1 1.22 22.87 3.02 3.28
AGAL010.472+00.027 · · · 2 1.5 35.01 88.12 2.52 67.0 1, 2, 3 11.0 2, 3 3.1 2.99 23.94 4.77 4.30
AGAL010.624−00.384 W31-North 4 1.4 33.10 116.87 3.53 −3.2 1, 2, 3 2.4 1 6.2 0.76 23.81 3.57 3.61
AGAL010.957+00.022 · · · 1 1.8 3.03 13.55 4.48 21.4 2, 3 13.7 2, 3 5.6 2.82 22.81 4.15 3.77
AGAL010.964+00.011 · · · 1 1.4 1.33 5.40 4.07 19.2 2, 3 2.7 4 5.8 0.2 22.53 2.35 2.85
AGAL011.031+00.026 · · · 1 1.1 0.47 1.39 2.95 18.1 4 2.6 4 5.9 <0.29 22.22 1.72 · · ·
AGAL011.034+00.061 · · · 1 1.5 1.77 6.05 3.41 15.4 4 14.7 5 6.6 1.7 22.66 3.86 · · ·
AGAL011.109−00.397 · · · 1 1.9 3.53 42.04 11.92 0.1 2, 3 16.8 4 8.6 6.01 23.04 4.81 4.13
AGAL011.902−00.141 · · · 2 1.2 3.17 20.03 6.32 38.4 1 4.1 6 4.6 0.99 23.12 3.27 3.44
AGAL011.936−00.616 · · · 1 1.2 7.22 45.64 6.32 37.0 1 4.0 2, 3, 6 4.6 1.04 23.33 3.61 3.27
AGAL011.946−00.036 · · · 1 1.8 1.75 7.62 4.36 39.1 3, 4 12.6 4 4.7 1.98 22.65 3.83 · · ·
AGAL012.198−00.034 · · · 1 1.1 2.92 7.42 2.54 50.8 1, 2, 3 11.9 6 4.0 1.32 22.97 3.76 3.37
AGAL012.208−00.102 · · · 1 1.2 11.58 37.39 3.23 24.5 1 13.6 5 5.6 2.78 23.38 4.58 4.26
AGAL012.431−00.049 · · · 1 2.4 0.72 5.71 7.95 21.1 1 13.9 7 5.9 1.41 22.39 3.78 3.07
AGAL012.431−01.114 · · · 1 1.6 4.28 14.73 3.44 39.7 1, 2, 3 4.1 4 4.6 0.62 23.00 3.14 2.85
AGAL012.804−00.199 W33 2 1.9 36.48 339.23 9.30 36.5 4 2.1 8 6.5 1.04 23.97 3.92 · · ·
AGAL012.998−00.357 · · · 1 1.3 2.29 9.86 4.32 14.4 1 1.9 4 6.6 0.3 22.87 2.32 2.85
AGAL013.209−00.144 · · · 1 1.3 3.09 30.64 9.90 51.1 1, 3 4.6 5 4.2 1.2 23.05 3.55 3.08
AGAL013.384+00.064 · · · 1 1.4 1.11 5.45 4.92 14.1 4 1.9 4 6.7 0.26 22.45 2.02 · · ·
AGAL013.872+00.281 · · · 1 1.3 5.52 29.72 5.39 48.5 1 4.4 2 4.4 1.1 23.13 3.50 3.35
AGAL014.246−00.071 · · · 1 1.5 2.98 11.43 3.84 60.2 1 11.6 4 4.0 2.05 23.06 3.93 3.59
AGAL014.607+00.012 · · · 1 1.6 2.74 16.62 6.06 25.5 1, 2, 3 2.8 4 5.8 0.58 22.87 2.86 2.95
AGAL014.777−00.334 · · · 1 1.1 0.95 4.02 4.24 33.2 4 13.1 4 5.3 1.16 22.39 3.58 · · ·
AGAL016.144+00.009 · · · 1 1.1 0.99 2.51 2.53 44.8 2, 3 12.4 4 4.9 1.08 22.62 3.33 3.04
AGAL016.942−00.072 · · · 1 1.1 1.43 6.94 4.86 −4.2 4 17.0 4 9.2 2.04 22.56 4.05 · · ·
AGAL017.029−00.071 · · · 1 1.2 1.27 3.42 2.69 93.2 1 10.4 6 3.4 0.93 22.63 3.31 3.01
AGAL017.112−00.114 · · · 1 1.8 0.62 1.82 2.93 93.1 2, 3 10.4 6 3.4 <1.17 22.17 3.04 · · ·
AGAL017.554+00.167 · · · 1 1.2 0.52 2.38 4.60 20.6 4 14.1 4 6.5 1.22 22.12 3.42 · · ·
AGAL017.986+00.126 · · · 1 1.6 0.42 1.27 3.04 24.3 5 · · · · · · 6.3 · · · 22.17 · · · · · ·
References — Velocity: (1) Wienen et al. (2012), (2) Urquhart et al. (2011b), (3) Urquhart et al. (2008a), (4) Schlingman et al. (2011), (5)
this paper, (6) Dunham et al. (2011b), (7) Csengeri et al. in prep., (8) Kolpak et al. (2003), (9) Blum et al. (2000), (10) Radio recombination
line velocity from HOPS (Walsh et al. 2011; priv. comm. A. Walsh), (11) Bronfman et al. (1996), (12) Anderson & Bania (2009)
References — Distance: (1) Moise´s et al. (2011), (2) Sewilo et al. (2004), (3) Pandian et al. (2009), (4) this paper, (5) Pandian et al.
(2008), (6) Green & McClure-Griffiths (2011), (7) Wood & Churchwell (1989a), (8) Immer et al. (2012), (9) Roman-Duval et al. (2009),
(10) Anderson & Bania (2009), (11) Kolpak et al. (2003), (12) Dunham et al. (2011a), (13) Fish et al. (2003), (14) Russeil (2003),
(15) Downes et al. (1980), (16) Xu et al. (2011), (17) Araya et al. (2002), (18) Watson et al. (2003), (19) Stead & Hoare (2010), (20)
Nagayama et al. (2011), (21) Sato et al. (2010), (22) Urquhart et al. (2012), (23) Zhang et al. (2013)
Notes: Only a small portion of the data is provided here, the full table is available in electronic form at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.125.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/.
and the methanol maser associated clumps discussed in Paper I
(blue histogram). The dashed vertical lines mark radii of 0.15
and 1.25 pc, indicating the nominal boundary between cores and
clumps, and clumps and clouds, respectively (e.g., Bergin & Tafalla
2007). However, as also noted in Paper I, neither sample of clumps
shows a sharp break in its distribution at these sizes and so these
definitions are probably somewhat arbitrary. The clumps in this
sample appear to be rather spherical in structure, are centrally con-
densed and the vast majority are associated with a single H ii region.
It is likely these clumps are in the process of forming single clusters
of stars and we will therefore continue to refer to them as clumps.
In general the radii of the clumps hosting H ii regions are sig-
nificantly larger than those associated with methanol masers (me-
dian vales of ∼1.38 pc and 0.97 pc, respectively). The H ii region
and methanol maser samples of massive star forming clumps are
largely drawn from different Quadrants of the Galaxy (First and
Fourth Quadrants, respectively). It is likely that at least some of the
difference in physical size is simply a result of the different spiral
structures dominating these Quadrants. To test this we performed a
KS test on a distance limited sample of methanol and H ii region
associated clumps located between 4 and 6 kpc and find we are un-
able to reject the null hypothesis that these two samples are drawn
from the same parent population (p-value = 0.4).
The distributions of both samples peak at radii of ∼1 pc and
it is therefore likely that the embedded H ii regions and methanol
masers are tracing the most massive member of a young proto-
cluster. The derived clump properties, bolometric luminosities and
Lyman continuum fluxes are therefore likely to be related to the
embedded cluster rather than a single star and we need to bear this
in mind when interpreting these results.
6.2 Isothermal clump masses and column densities
We estimate isothermal clump masses following the method of
Hildebrand (1983) and assuming that the total clump mass is pro-
portional to the total flux density integrated over the source such
that:
(
Mclump
M⊙
)
=
(
D
kpc
)2 ( S ν
mJy
)
R
Bν(Tdust) κν , (1)
where S ν is the integrated 870µm flux, D is the heliocentric dis-
tance to the source, R is the gas-to-dust mass ratio (assumed to be
100), Bν is the Planck function for a dust temperature Tdust, and κν
is the dust absorption coefficient taken as 1.85 cm2 g−1, which was
derived by Schuller et al. (2009) by interpolating to 870µm from
Table 1, Col. 5 of Ossenkopf & Henning (1994).
For consistency with the masses determined in Paper I, we
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Figure 15. Left panel: The isothermal clump-mass distribution of the H ii-region and the methanol-maser associated clumps, shown as filled grey and blue
histograms, respectively. A dust temperature of 20 K has been assumed for both samples. The vertical red line indicates the completeness limit (see text for
details). The bin size is 0.5 dex. Right panel: Mass distribution of H ii-region associated clumps as a function of heliocentric distance. The colours indicate
the peak column density of each source (see colour bar on the right for values) and the solid black line and the grey filled region indicated the mass sensitivity
limit of the survey and its associated uncertainty assuming a dust temperature of 20±5 K. Characteristic error bars for these parameters are shown in the lower
right corner of the plot.
assume a dust temperature of 20 K. Although we have seen in
Sect. 4.3 the gas temperatures range between 20 and 30 K, the am-
monia observations were made towards the peak submillimetre
emission, and given that the majority of the dust emission comes
from the cooler extended envelope (i.e., mean Y-factor ∼5; see
Sect. 6.1 for details) a lower kinetic temperature is considered more
appropriate. Moreover, the choice of 20 K facilitates comparison of
the derived masses with similar studies that have used the same
temperature (e.g., Motte et al. 2007; Hill et al. 2005).
We estimate column densities from the peak flux density of
the clumps using the following equation:
(
NH2
cm−2
)
=
(
S ν
mJy
)
R
Bν(Tdust)Ω κν µmH , (2)
where Ω is the beam solid angle, µ is the mean molecular weight
of the gas, which we assume to be equal to 2.8 (Kauffmann et al.
2008), mH is the mass of the hydrogen atom, and κν and R are as
previously defined. We again assume a dust temperature of 20 K.
The uncertainties in the derived clump mass and column den-
sity are both ∼70 per cent. When estimating this error we assume
an uncertainty of ±5 K for the gas temperature and a ∼10 per cent
error in the distance, which we add in quadrature with the absolute
flux measurement uncertainty (15 per cent; Schuller et al. 2009).
Although quite large, these errors are unlikely to have a signifi-
cant impact on the overall distribution or the statistical analysis of
these parameters.
In the left panel of Fig. 15 we present the isothermal gas mass
distribution for both the H ii region and methanol maser associated
clumps, while in the right panel we show the mass distribution for
only the H ii region associated clumps as a function of heliocentric
distance. It is clear from the latter that we are sensitive to all of the
H ii region associated clumps with masses above 1,000 M⊙ across
the Galaxy within the observed region, and our statistics should be
complete above this level; this was also the case for the methanol
maser associated clumps. (This completeness limit is indicated on
the left panel of Fig. 15 by the vertical dashed red line.)
There are a small number of H ii regions that are associated
with clumps below the mass expected for the formation of a mas-
sive star (i.e., <1,000 M⊙), which may indicate that the distances to
these sources have been incorrectly assigned. However, checking
the distance assignments for these lower mass sources (<300 M⊙)
we find them to be correct given the quality of the data at hand
(mostly VGPS data with a angular resolution of ∼1′). We note that
these lower mass clumps are also the most compact (Reff < 0.2 pc)
and therefore may be forming individual or small groups of stars
where the IMF is not expected to apply.
The compact and UC H ii associated clump mass distribution
has a mean and median value of ∼10,000 M⊙ and ∼5,000 M⊙, re-
spectively, which are both significantly larger than the complete-
ness limit (see left panel of Fig. 15) and so the drop off in source
counts between the completeness limit and the peak is very likely
to be a genuine feature of the distribution. We also note that there
are significant differences between the mass distributions of the
methanol maser and H ii region associated clumps. The masses
of the methanol maser associated clumps peak at a few thousand
M⊙, which is also above the completeness limit, but a factor of two
lower than found for the H ii-region associated clumps. However, as
discussed in the previous subsection these two samples are drawn
from different regions of the Galaxy and have different distance
distributions as a result.
To mitigate this possible distance bias we again perform a KS
test on a distance limited sample of H ii-region and methanol-maser
associated clumps (between 4-6 kpc); this reveals no significant dif-
ference in the mass distribution of the two samples of clumps. We
therefore conclude that the differences in the mass and radii dis-
tributions is likely to be a result of the different Galactic structure
present in the First and Fourth Quadrants from which these samples
are primarily drawn (e.g., Georgelin & Georgelin 1976).
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6.3 Virial mass
To assess the gravitational stability of these clumps we compare
thermal masses and virial masses for the 123 resolved clumps to-
wards which ammonia (1,1) emission is been detected using:
(
Mvir
M⊙
)
=
5
8ln2
1
a1a2G
(
Reff
pc
) (
∆vavg
km s−1
)2
(3)
where Reff is the effective radius of the clump, ∆vavg is the velocity
dispersion in the gas calculated from the measured line width via
Eqn. 5, G is the gravitational constant and a1 and a2 are corrections
for the assumptions of uniform density and spherical geometry, re-
spectively (Bertoldi & McKee 1992). For aspect ratios less than 2
the value a2 ∼ 1, which is suitable for this sample of clumps, and
the value of a1 is given by:
a1 =
1 − p/3
1 − 2p/5 for p < 2.5 (4)
where p is the power-law index of the density profile where [n(r) ∝
r−p]. We have adopted a value for p of 1.6 (i.e., a1 = 1.3) as de-
termined for a similar sample of massive star forming clumps by
Beuther et al. (2002).
The measured ammonia line width needs to be corrected to
estimate the average velocity dispersion of the total column of gas.
Following Fuller & Myers 1992:
∆v2avg = ∆v
2
corr + 8ln2 ×
kbTkin
mH
(
1
µp
−
1
µNH3
)
(5)
where ∆vcorr is the observed NH3 line width corrected for the res-
olution of the spectrometer (i.e., ∆v2corr = ∆v2obs − ∆v2channel width;
0.4 km s−1 and 0.7 km s−1 for the GBT and Effelsberg observations,
respectively), kb is the Boltzmann constant, Tkin is the kinetic tem-
perature of the gas (again taken to be 20 K) and µp and µNH3 are
the mean molecular mass of molecular hydrogen and ammonia, re-
spectively; these are taken as 2.33 (i.e., Fuller & Myers 1992) and
17, respectively. The error in the virial mass is of order 20 per cent
allowing for a ∼10 per cent error in the distance, the fitted line
width, and spectrometer channel width, and the error in the mea-
sured source size.
In calculating the virial mass we are making the assumption
that the observed NH3 line width is representative of the whole
clump, however, Zinchenko et al. (1997) found that the line width
decreases towards the edges of the clumps hosting embedded proto-
stellar objects. This may lead to the virial mass being overestimated
(see Dunham et al. 2011a for a more comprehensive discussion).
In Table 3 we present the estimated virial mass for each source
and in Fig. 16 we plot the virial ratio (Mclump/Mvir) versus the clump
mass for the subsample of sources with ammonia data. The dashed
red horizontal line marks the line of gravitational stability. Clumps
located below this line are likely to be unbound while those above
this should may be unstable against gravity. The clumps have a
mean and median virial ratio values of 3.45±0.30 and 3.35, respec-
tively, which are both significantly above unity.
However, the equation used to estimate the virial mass does
not take the magnetic field strength into account, which can provide
a significant amount of magnetic support to counteract gravity. The
magnetic field has not been measured, however, if we assume an
equipartition of energy between the kinetic and magnetic energy
we find that Mclump = 2 × Mvir (e.g., Bertoldi & McKee 1992). The
dashed blue horizontal line shown on Fig. 16 indicates the virial
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Figure 16. Virial ratio (Mclump/Mvir) as a function of clump mass (Mclump)
for the subsample of 121 clumps detected in ammonia (see Sect. 4.1 for de-
tails). The red horizontal lines indicate the locus of gravitational equilibrium
for thermal and kinematic energies, while the blue dashed lines indicates the
locus of gravitational equilibrium assuming an equipartition of kinetic and
magnetic energy. Characteristic error bars for these parameters are shown
in the lower right corner of the plot.
ratio for gravitational stability when magnetic support is included.
We might therefore expect clumps to be unbound if their virial ratio
were .2, however, even allowing for an equal amount of magnetic
support we find the mean and median values for the virial ratio are
significantly larger than 2, which would suggest that the majority
of clumps are likely to be unstable against gravity and collapsing.
7 H ii REGION PROPERTIES
In this paper we will only investigate the relationships between the
ionisation rates and bolometric luminosities of the embedded H ii
regions and the masses of the surrounding clumps, plus the overall
Galactic distribution of the sample. The morphologies, infrared and
radio properties of the H ii regions themselves will be presented in
two future publications (i.e., Purcell et al., and Hoare et al., both
in prep.). The physical properties of the individual H ii regions are
presented in Table 4 and a summary of their overall statistics is pre-
sented in Table 2.
7.1 Lyman continuum flux
The Lyman continuum output rate from a massive star, Ni, can be
estimated using Eqn. 7 from Carpenter et al. (1990) relating Ni to
the measured radio continuum flux density, i.e.,
(
Ni
photon s−1
)
= 9 × 1043
(
S ν
mJy
) (
D2
kpc
) (
ν0.1
5 GHz
)
(6)
where S ν is the integrated radio flux density measured at frequency
ν and D is the heliocentric distance to the source. This assumes
that the H ii regions are optically thin and will significantly un-
derestimate the Lyman flux for more compact H ii regions that are
optically thick at 5 GHz. The typical error in the derived Lyman
flux is ∼20 per cent and takes into account the 10 per cent error in
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Figure 17. Left panel: Lyman continuum flux as a function of heliocentric distance. The colours correspond to the angular sizes of the H ii regions (see colour
bar for approximate values) and the solid and dash-dotted curved lines indicate the CORNISH sensitivity to different angular size scales; these correspond to
FWHM of 1.5, 3, 6 and 12′′ , respectively. Characteristic error bars for these parameters are shown in the lower right corner of the plot. Right panel: (grey
histogram) The ionising photon flux distribution of the whole ATLASGAL-CORNISH matched sample of embedded H ii regions; (blue histogram) the same,
but for a subset of sources with sizes < 5′′. The dashed red vertical line indicates the CORNISH completeness level. The bin size is 0.4 dex.
Table 4. Derived H ii region parameters.
CORNISH ATLASGAL Offset Peak Flux Integrated Flux Diameter Log(NLyman) Log(Lbol)
Name Name (′′) (mJy beam−1) (mJy) (′′) (pc) (photon s−1 ) (L⊙)
G010.3009−00.1477 AGAL010.299−00.147 6.2 56.37 631.39 5.24 0.06 47.51 · · ·
G010.3204−00.2586 AGAL010.321−00.257 4.1 14.61 18.20 0.74 0.01 46.31 3.11
G010.4724+00.0275 AGAL010.472+00.027 0.5 22.34 38.43 1.67 0.09 47.62 4.82
G010.4736+00.0274 AGAL010.472+00.027 4.1 12.30 19.30 1.36 0.07 47.33 · · ·
G010.6218−00.3848 AGAL010.624−00.384 8.8 16.81 37.06 1.73 0.02 46.28 · · ·
G010.6223−00.3788 AGAL010.624−00.384 20.5 97.90 483.33 5.56 0.06 47.40 · · ·
G010.6234−00.3837 AGAL010.624−00.384 3.2 305.58 1952.22 4.39 0.05 48.00 3.90
G010.6240−00.3813 AGAL010.624−00.384 10.4 38.23 71.65 1.45 0.02 46.57 · · ·
G010.9584+00.0221 AGAL010.957+00.022 3.6 109.11 195.97 1.61 0.11 48.52 5.36
G010.9656+00.0089 AGAL010.964+00.011 8.7 7.86 51.75 4.65 0.06 46.55 3.55
G011.0328+00.0274 AGAL011.031+00.026 9.2 3.58 5.69 1.15 0.01 45.55 · · ·
G011.0339+00.0616 AGAL011.034+00.061 3.0 21.01 103.36 6.93 0.49 48.30 5.14
G011.1104−00.3985 AGAL011.109−00.397 6.0 51.55 305.37 8.22 0.67 48.89 5.68
G011.9032−00.1407 AGAL011.902−00.141 3.6 5.59 25.57 2.84 0.06 46.59 · · ·
G011.9039−00.1411 AGAL011.902−00.141 6.3 11.11 16.81 1.07 0.02 46.41 · · ·
G011.9368−00.6158 AGAL011.936−00.616 4.5 163.93 1155.90 5.69 0.11 48.23 4.77
G011.9446−00.0369 AGAL011.946−00.036 5.1 61.58 943.58 14.56 0.89 49.13 5.50
G012.1988−00.0345 AGAL012.198−00.034 4.0 19.68 62.71 2.22 0.13 47.90 4.64
G012.2081−00.1019 AGAL012.208−00.102 2.5 72.18 207.87 2.41 0.16 48.54 · · ·
G012.4294−00.0479 AGAL012.431−00.049 7.2 13.78 45.17 2.26 0.15 47.89 · · ·
G012.4317−01.1112 AGAL012.431−01.114 9.8 9.67 69.01 4.13 0.08 47.02 · · ·
G012.8050−00.2007 AGAL012.804−00.199 6.2 287.90 12616.40 16.16 0.16 48.70 · · ·
G012.8131−00.1976 AGAL012.804−00.199 32.5 131.04 1500.39 5.22 0.05 47.77 · · ·
G012.9995−00.3583 AGAL012.998−00.357 7.8 4.76 20.14 2.70 0.03 45.84 · · ·
G013.2099−00.1428 AGAL013.209−00.144 5.6 40.72 946.76 8.21 0.18 48.25 4.52
G013.3850+00.0684 AGAL013.384+00.064 15.3 10.49 603.94 19.12 0.17 47.28 3.53
G013.8726+00.2818 AGAL013.872+00.281 3.5 24.71 1447.55 15.36 0.33 48.40 · · ·
G014.2460−00.0728 AGAL014.246−00.071 7.3 11.40 51.26 3.64 0.20 47.79 · · ·
G014.5988+00.0198 AGAL014.607+00.012 40.6 2.89 4.39 1.08 0.01 45.49 3.28
G014.7785−00.3328 AGAL014.777−00.334 6.4 11.02 18.25 1.75 0.11 47.45 4.43
Notes: Only a small portion of the data is provided here, the full table is available in electronic form at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.125.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/.
both the distance and integrated flux measurement. Using the COR-
NISH 7σ limit of ∼3 mJy and maximum distance of 20 kpc we
find we are complete to unresolved optically thin H ii regions with
Lyman fluxes of >1047 photon s−1, which corresponds to a star of
mass 15 M⊙ (i.e., a star of spectral type B0 or earlier). In the case
of hyper-compact HII regions, where the ionized nebula is likely
to be optically thick below ∼50 GHz (e.g., Kurtz 2005), the mea-
sured flux would be two orders of magnitude lower at 5 GHz. We
are therefore only sensitive to HC H ii regions associated with stars
with masses of > 40 M⊙, equivalent to a spectral type of O6-O5 or
earlier at a distance of 20 kpc.
In the left panel of Fig. 17 we present the Lyman photon flux
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as a function of heliocentric distance. The right panel of this fig-
ure shows the distribution for the whole sample with the complete-
ness limit indicated by the red vertical dashed line. A peak in the
Lyman flux distribution occurs at approximately 1048 photon s−1,
significantly above the completeness limit for unresolved, optically
thin H ii regions (i.e., 1047 photon s−1). However, given a typical
IMF, we should expect the peak in the distribution to coincide with
the completeness level. This would suggest that we are missing
a significant number of H ii regions with Lyman fluxes between
1047−48 photon s−1.
The colours of the symbols in the left panel of Fig. 17 indi-
cate the observed angular sizes of each H ii region (see the hori-
zontal colour bar for corresponding source diameters). While the
solid black curve shows the point-source sensitivity of the COR-
NISH survey, it is clear that many of the H ii regions are re-
solved. As an UC H ii region expands, its total flux density is
conserved but its surface brightness decreases. We have therefore
added the dashed-dotted lines to show the sensitivity to more ex-
tended sources and this shows that we are not sensitive to H ii re-
gions with Ni < 1047 photon s−1 that are larger than 12′′ , 6′′ and
3′′ at distances greater than 2, 5 and 12 kpc, respectively. For H ii
regions with Ni < 1048 photon s−1, we are not sensitive to sources
larger than 12′′ and 6′′ at more than 7 and 15 kpc, respectively, but
are sensitive to UC H ii regions with sizes of 3′′ or smaller across
the Galaxy.
It is clear that we are less sensitive to more extended H ii re-
gions and that this has a bigger impact on the nearby early B type
star population of the sample than the generally more distant O
type star population. To illustrate this, we overlaid the Ni distribu-
tion of the more compact H ii regions (<5′′) on the right panel of
Fig. 17 (blue hatched histogram). This shows that the distribution of
the most compact H ii regions peaks nearer the completeness limit
than that of the full sample. It is this more limited sensitivity to the
less compact H ii regions with ionizing fluxes below 1048 photon s−1
that produces the higher than expected turnover for the whole sam-
ple seen in the right panel of Fig. 17.
Another interesting feature arising from Fig. 17 is that the pro-
portion of compact to less-compact H ii regions decreases steeply
as the ionising photon flux increases.
7.2 Physical sizes
In Fig. 18 we show the physical size distribution for this sample of
H ii regions (grey histogram). Additionally we separate this sample
into two subsamples using a Ni threshold of 1048 photon s−1. This is
the approximately the ionizing photon output rate expected from a
∼20 M⊙ zero age main sequence (ZAMS) star (Martins et al. 2005;
Mottram et al. 2011a; Davies et al. 2011), roughly equivalent to an
O9 spectral type and thus effectively separates late O and early B
type star populations. For simplicity, we will refer to these two sub-
samples as O and B type H ii regions. The distribution of H ii re-
gions above and below this threshold are plotted in Fig. 18 as red
and blue hatched histograms, respectively.
The overall distribution of H ii region sizes shows a peak for
diameters less than 0.05 pc, after which it decreases rapidly before
flattening into a long tail at ∼0.4 pc; the largest measured size being
∼0.8 pc. The classification as a UC H ii region is generally reserved
for sources with diameters less than 0.1 pc and applying this to sam-
ple we find only 100 H ii regions satisfy this requirement (slightly
less than 50 per cent). Although the overall distribution looks fairly
smooth, in that there are no obvious breaks or evidence of bimodal-
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Figure 18. Distribution of H ii region sizes. The whole sample is traced by
the filled grey histogram, while the red and blue histograms show the H ii re-
gions that have Lyman continuum fluxes above and below 1048 photon s−1,
respectively. The bin size used is 0.05 pc.
ity, the size distributions of O and B type H ii regions show some
striking differences.
The B type H ii region size distribution peaks at the same posi-
tion as that of the whole sample, but drops off much more quickly,
with the largest size measured being ∼0.4 pc. There are 131 H ii re-
gions in this subsample with the majority falling into the UC H ii re-
gion classification (89 or ∼68 per cent). The lower number of more
extended B type H ii regions can be understood by considering the
relationship between the angular size of the H ii region and the
surface brightness sensitivity of CORNISH as discussed in the pre-
vious subsection.
The distribution of O type H ii regions is significantly flat-
ter and more skewed towards larger diameters, with a peak at 0.0-
0.05 pc. This subset provides the majority of the more extended
H ii regions (>0.2 pc). Noticeably, there are no O type H ii regions
smaller than 0.05 pc and only 11 of the 81 H ii regions in this sam-
ple could be classified as UC H ii regions (∼14 per cent). Due to the
lower sensitivity of CORNISH to more extended H ii regions, par-
ticularly those associated with B type stars, we are likely to be in-
complete to these types of H ii regions. However, we should be sen-
sitive to all optically thin UC H ii regions driven by O stars across
the Galaxy and therefore the low number of these in the sample is
significant (this is discussed in more detail in Sect. 8.3). Addition-
ally, although not explicitly shown in Fig. 18, we find no compact
or UC H ii regions with Ni > 1049 photon s−1 and physical diame-
ters smaller than 0.2 pc.
7.3 Bolometric luminosity
Many of our sample of H ii regions are also found in the RMS cat-
alogue (Urquhart et al. 2008b) and therefore have estimated bolo-
metric luminosities (i.e., Mottram et al. 2010, 2011b). The RMS
survey has characterised the Galactic population of mid-infrared-
selected H ii regions and MYSOs and is complete to a few 104 L⊙.
This is well matched to the CORNISH completeness and makes the
RMS sample well suited for comparison.
Using a search radius of 10′′ , we have matched 135 H ii re-
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Figure 19. Bolometric luminosity distribution of the H ii region sample.
The bin size is 0.25 dex.
gions with their RMS counterparts and adopted the bolometric lu-
minosities from the RMS database.3 The fluxes used to estimate
these luminosities are effectively clump-average values and are
therefore a measure of the total luminosity of the embedded proto-
cluster.
The bolometric luminosities for H ii regions and associated
clusters range from ∼1000 L⊙, which is effectively the lower limit
required for a B3 star, to 106 L⊙, which is approximately equivalent
to an O3 star (Martins et al. 2005). These stellar classes have been
estimated assuming that a single star is responsible for the mea-
sured luminosity but in reality the luminosity of the most massive
star will be a few subclasses later than those stated. Mottram et al.
(2011b) estimates the typical errors for the derived luminosities to
be approximately 34 per cent.
8 DISCUSSION
8.1 Empirical mass-size relationship for massive star
formation
In Fig. 20 we reproduce the clump mass-radius plot from Fig. 15
of Paper I, with the addition of the H ii-region data presented in
this paper. The dashed red and blue lines show the least-squares
fits to the H ii-region and methanol-maser associated clump sam-
ples, respectively. The similarity between their overall distributions
and the fit parameters, which agree within the errors, provides
strong evidence that the methanol-maser sources and the H ii re-
gions form in the same population of dense clumps. The two data
sets provide us with a combined sample of over 500 massive, star
forming-clumps, forming a fairly continuous distribution over al-
most four orders of magnitude in mass and two orders of mag-
nitude in radius. The least squares fit to the combined sample is
Log(Mclump) = 3.4 ± 0.013 + (1.67 ± 0.036) × Log(Reff).
The lower and upper solid diagonal red lines in Fig. 20 de-
note surface densities of 0.05 and 1 g cm−2, the empirical lower
and upper bounds for the clump-averaged surface densities of the
3 http://rms.leeds.ac.uk/cgi-bin/public/RMS DATABASE.cgi.
0.1 1.0 10.0
100
101
102
103
104
105
Effective Radius (pc)
    
Cl
um
p 
M
as
s 
(M
O •
)
 
 
 
 
 
 
Lo
w 
Ma
ss
 S
tar
 Fo
rm
ati
on
High Mass Star Formation
Massive Proto-cluster Candidates
Figure 20. The mass-size relationship of the current H ii-region sam-
ple (red dots) and methanol-maser associated clumps from Paper I (blue
dots). The yellow shaded region shows the part of the parameter space
found to be devoid of massive star formation that satisfies the relation-
ship m(r) 6 580 M⊙ (Reff/pc)1.33 (cf. Kauffmann & Pillai 2010). The green
shaded region indicates the region in which young massive cluster progen-
itors are expected to be found (i.e., Bressert et al. 2012). The dashed blue
and red lines show the result of linear least-squares fits to the methanol-
maser and H ii-region associated clumps, respectively. The grey dashed line
shows the sensitivity of the ATLASGAL survey and the upper and lower
solid red line shows the surface densities of 1 g cm−2 and 0.05 g cm−2, re-
spectively. The diagonal pink band fills the gas surface density (Σ(gas)) pa-
rameter space between 116-129 M⊙ pc−2 suggested by Lada et al. (2010)
and Heiderman et al. (2010), respectively, to be the threshold for “efficient”
star formation. Characteristic error bars for these parameters are shown in
the lower right corner of the plot.
methanol-maser associated clumps of Paper I. The upper bound is
equal to the value of 1 g cm−2 predicted to be a lower limit for
massive star formation (i.e., McKee & Tan 2003; Krumholz et al.
2008). However, the latter was determined for core-sized structures
and is clearly not applicable to the larger clumps resolved by AT-
LASGAL. These limits also provide reasonable constraints on the
H ii-region associated clump distribution and thus on the surface
density required for massive star formation.
To facilitate the comparison of our results with other stud-
ies we also include the threshold derived by Lada et al. (2010) and
Heiderman et al. (2010) (116 and 129 M⊙ pc−2, respectively, which
approximately corresponds to AV ≃ 8 mag; hereafter LH threshold)
for “efficient” star formation (solid pink line) and the mass-size cri-
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terion for massive star formation determined by Kauffmann et al.
(2010b, i.e., where m(r) > 580 M⊙ (Reff/pc)1.33; yellow shaded re-
gion).4 The LH threshold was determined from studies of nearby
molecular clouds and is therefore not specific to massive star for-
mation. The Kauffmann et al. (2010b) criterion was determined
from an investigation of the mass-radius relationship of nearby
molecular clouds (<500 pc, i.e., Ophiuchus, Perseus, Taurus and
the Pipe Nebula; Kauffmann et al. 2010a,b) and known samples of
high-mass star formation such as those of Beuther et al. (2002),
Hill et al. (2005), Motte et al. (2007) and Mueller et al. (2002),
Kauffmann et al. (2010b). However, as stated in Paper I the lower
bound of 0.05 g cm−2 is approximately twice the LH-threshold and
provides a better constraint than Kauffmann et al. for the high-mass
end of the distribution (i.e., Reff & 0.5 pc or Mclump &500 M⊙).
So while the LH threshold can be considered a reasonable cri-
terion for “efficient” star formation the value of 0.05 g cm−2, found
to fit the lower envelope of the mass-radius relationship for both
methanol maser and H ii region associated clumps, can be consid-
ered the threshold required for “efficient” high mass star formation.
The area highlighted in green in the upper portion of Fig. 20
shows the region of parameter space where massive proto-cluster
(MPC) candidates are expected to be located (Bressert et al. 2012;
see Paper I for details). Six of our sources are located in this re-
gion. Three are associated with W49A (AGAL043.148+00.014,
AGAL043.164−00.029 and AGAL043.166+00.011) and have a
combined mass ∼ 4 × 105 M⊙. One clump is associated with each
of the W31 and W51 star-forming regions (AGAL010.472+00.027
and AGAL049.489−00.369, respectively). The remaining source
is AGAL019.609−00.234. All six have masses above 104 M⊙
and are therefore possible progenitors of future young massive
clusters (YMCs) such as the Arches and Quintuplet clusters
(Portegies Zwart et al. 2010). The MPC candidates in W31, W49A
and W51 were previously identified by Ginsburg et al. (2012) from
an analysis of 1.1 mm continuum data from the BGPS and so
AGAL019.609−00.234 is the only new potential MPC identified
by this work.5
In Paper I we identified 7 MPC candidates, six of which were
new, and together with those identified by Longmore et al. (2012)
and Ginsburg et al. (2012) we estimated the total population of
MPC candidates is likely to be 6 20 ± 6. However, comparing
this estimate with the number of known YMCs we found that
there are far more MPCs than would be expected, assuming a life-
time of 10 Myr and formation time of 1 Myr for the YMCs (e.g.,
Longmore et al. 2012. We suggested a couple of possible explana-
tions for this apparent discrepancy: either there are far more YMCs
yet to be discovered or the SFE is significantly lower than the
30 per cent assumed by Bressert et al. (2012) when defining their
mass-size criterion. The first of these possibilities would require
the total number of YMCs in the Galaxy to be an order of magni-
tude larger than currently known, which seems unlikely. The sec-
ond seems more plausible given that a SFE of ∼10 per cent (e.g.,
4 Note that when deriving this relationship Kauffmann et al. (2010b) re-
duced the dust opacities of Ossenkopf & Henning (1994) by a factor of 1.5.
This reduced value for the opacities has not been applied when determining
the clump masses presented here and therefore we have rescaled the origi-
nal coefficient given by Kauffmann et al. (2010b) by this factor (i.e., from
870 M⊙ to 580 M⊙; cf. Dunham et al. 2011a).
5 AGAL019.609−00.234 was also identified by Ginsburg et al. (2012) as
a massive clump but its derived mass was slightly below 3 × 104 M⊙ and
so did not make it into their final sample. However, the mass derived by us
would suggest this source is a good MPC candidate.
Figure 21. Galactic distribution of the ATLASGAL-CORNISH associ-
ations with known distances and masses above the completeness limit
(1,000 M⊙). The Galactic positions of our sample derived from the maser
parallax, photometric and kinematic distances and their Galactic longitude
are plotted as red circles, the sizes of which give an indication of their mass,
as depicted in the upper right corner. We have superimposed the clump dis-
tribution over the sketch of the Galaxy produced by Robert Hurt of the
Spitzer Science Center in consultation with Robert Benjamin (Courtesy
NASA/JPL-Caltech). The position of the Sun is shown by the small white
circle above the Galactic centre. The two white solid lines enclose the re-
gion of the Galactic plane overlapped by the ATLASGAL and CORNISH
surveys. The black dot-dashed circles represent the locus of tangent points
and the Solar circle, respectively.
Johnston et al. 2009 and see Sect. 8.5 of this paper) would reduce
the number of MPC candidates to no more than a handful.
8.2 Galactic distribution of compact and UC H ii regions
We have already seen some hints of the large scale structural fea-
ture of the Galaxy in the longitude-velocity diagram presented in
Sect. 4.2 and the heliocentric distribution presented in Sect. 5.2. In
this subsection we will use the distances and Galactic longitude to
trace the 2-dimensional distribution of compact H ii regions for the
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first quadrant. As these H ii regions are still deeply embedded in
their dust cocoons and have lifetimes of at most a few times 105 yr
(Davies et al. 2011; Mottram et al. 2011a) we can assume that they
have not traveled far from where they formed. Furthermore, since
massive star formation is found to be almost exclusively associated
with the spiral arms in nearby spiral galaxies (e.g., Kennicutt 2005),
the Galactic distribution of this sample of H ii regions may be able
to trace the spiral arms of the Milky Way.
In Fig. 21 we present the 2-D Galactic distribution of
ATLASGAL-CORNISH associations. The positions of the
ATLASGAL-CORNISH associations are in reasonable agreement
with the main structural features of the Galaxy, as determined by
other tracers (taking into account the kinematic distance uncer-
tainty due to peculiar motions is of order ±1 kpc; Reid et al. 2009).
We note there is a large amount of scatter in these data, particularly
at the far side of the Sagittarius arm. However, the width of the
inter-arm region is approximately twice the uncertainty in the dis-
tance measurement and therefore it is possible, and even likely, that
sources located in this inter-arm region are actually associated with
either the Sagittarius or Perseus arms. Two previous studies have
performed a similar analysis using methanol masers (Paper I) and a
sample of infrared-selected massive young stellar objects (MYSOs)
and H ii regions (Urquhart et al. 2011a), and with both finding a
higher degree of correlation with the spiral arms. However, both
studies had larger samples and so sample size may be an issue here.
The Galactocentric and latitude distributions of the
ATLASGAL-CORNISH matched sources are presented in
the upper and lower panel of Fig. 22, respectively. As with the
heliocentric distance distribution presented in Fig. 13, we plot
the distribution of the H ii regions and clumps separately (filled
grey and red hatched histogram, respectively); this is primarily
to evaluate the impact of extreme star formation regions, such as
W49A, have on the overall H ii region distribution.
Although the association with individual spiral arms is fairly
weak in the 2-D distribution shown in Fig. 21, the Galactocentric
distribution shows three distinct peaks at ∼4, 6 and 8 kpc. Peaks at
similar radii have been previously noted in the northern Galacto-
centric radial distribution from a sample of IRAS sources observed
in CS (J=2-1) (Bronfman et al. 2000) and the distribution of the
RMS sample of young massive stars and their associated CO emis-
sion (Urquhart et al. 2011a; Moore et al. 2012). The first of these
corresponds to the position of the Scutum-Centaurus arm tangent
and the end of the long bar, which is located at a Galactic longitude
of ∼25◦. The peak at ∼6 kpc is largely associated with the Sagit-
tarius arm. The third peak at ∼8 kpc is again almost entirely due to
the W49A star forming complex, however, this peak is still signif-
icant and is coincident with the expected Galactocentric radius of
the far-side of the Perseus arm.
The peaks at 4 and 6 kpc in the Galactocentric radius distri-
bution have also been reported by Anderson & Bania (2009) from
a study of compact and diffuse H ii regions, however, the relative
intensity of the peaks is reversed, presumably due to a larger pro-
portion of nearby sources in their sample. The lack of sources at
distances less than 3 kpc is not significant as it simply results from
the minimum longitude range used in this study.
An interesting feature of this plot is that the vast majority of
the massive star formation is taking place within ∼8 kpc of the
Galactic centre, with relatively little taking place outside the Solar
circle. Similarly, significantly lower surface densities of methanol
masers (discussed in Paper I), H ii regions and massive young stel-
lar objects identified by the RMS survey (Lumsden et al. 2013)
have been reported in the outer Galaxy than found inside the Solar
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Figure 22. Galactocentric and Galactic latitude distributions of the H ii
regions (grey) and clumps (red hatching) are shown in the upper and
lower panels, respectively. In both of these plots we have only included
UC H ii regions with ionising fluxes and masses above the completeness
limit (Ni > 1047 photon s−1 and Mclump > 1, 000 M⊙; 163 H ii regions and
132 clumps). The strong peak seen at ∼8 kpc is almost entirely due to the
presence of W49A in this bin. The bins sizes are 0.5 kpc and 12 pc in the
upper and lower panels, respectively.
circle. Since we have selected only sources above our complete-
ness limit this is unlikely to be a selection effect and suggests that
high mass clumps are more likely to be found inside the Solar cir-
cle where the majority of the Galactic molecular material resides.
The sharp drop in surface density occurs at approximately the same
distance from the Galactic centre as the co-rotation radius (∼8 kpc),
which also coincides with a sharp drop in the metallicity gradients
of open clusters (Le´pine et al. 2011). This drop in the metallicity
gradients is interpreted by the authors as being due to a gap in
the dense gas at the co-rotation radius, with smaller gas flows and
consequently fewer mergers producing massive clumps outside the
co-rotation radius than inside (see Lumsden et al. 2013 for a more
detailed discussion). While spiral arms are thought to play an im-
portant role in forming dense molecular structures within the co-
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rotation radius (e.g., Heyer & Terebey 1998 and Dobbs et al. 2006)
it is likely that this process is regulated by a different mechanism
in the outer Galaxy, such as supernovae (Dib et al. 2009). Alterna-
tively, the lack of massive clumps in the outer Galaxy could simply
be due to statistics rather than any physics since there is a power-
law mass function for clumps (CMF) and so a smaller population of
clumps will have far fewer massive clumps, and none, if the clump
population density is below some level (e.g., Snell et al. 2002).
Peaks in both the H ii region and clump latitude distribution
are coincident with the Galactic mid-plane (|z| ∼ 0). The peak of
the H ii distribution is noticeably higher than found for the clumps,
however, again this is primarily the presence of W49A in this bin.
The presence of a few extreme star-forming regions close to the
mid-plane, not only increases the overall peak in the H ii region
distribution with respect to the clump distribution, but also has a
knock on effect to the measured scale height. The scale height of
the H ii region and clump samples is 20.7±1.7 pc and 29.1±3.0 pc,
respectively. The scale height derived from the methanol maser dis-
tribution reported by Green & McClure-Griffiths (2011) is 27±1 pc,
which is in good agreement with the scale height derived from our
clump distribution.
As seen in the heliocentric distance distribution discussed in
Sect. 5.2 and for the Galactocentric and latitude distributions pre-
sented here it is clear that the presence of a small number of ex-
treme star formation regions, such as W31, W33, W42 and W49A,
can have a significant impact of the overall distributions of H ii
regions.
8.3 Estimating the Galactic population of H ii regions and
their lifetimes
Our catalogue of H ii regions covers a large fraction of the Galaxy
and has been compiled from two unbiased surveys.6 It should there-
fore constitute a good representation of the Galactic population as
a whole and be able to provide reliable estimates of the number
of H ii regions. We begin by calculating the surface density of our
sample of H ii regions as a function of Galactocentric distance (as
shown in Fig. 23) by dividing the source counts given in the upper
panel of Fig. 22 by the surface area of the portion of each annulus
included in survey. Assuming this surface density is representative
of the Galactic population as a whole, we can simply multiply each
bin by the area of the corresponding complete annulus to estimate
the total number of H ii regions in each bin, and then sum all of
the bins to get the total population. Using this method we estimate
that the total number of H ii regions around B0 and earlier type
stars (the nominal CORNISH sensitivity limit) to be approximately
400. Performing the same procedues using the surface density of
O6 stars and earlier would suggest there are only ∼45 detectable
H ii regions of these types in the Galaxy.
The total number of H ii regions is slightly lower than the
Galactic population estimated by the RMS survey. However, the
RMS sample includes some more extended H ii regions that have
been identified from their mid-infrared morphology and whose ra-
dio continuum emission falls below the CORNISH surface bright-
ness sensitivity. More interesting is the low number of H ii re-
gions associated with a star of spectral type O6 and earlier.
Wood & Churchwell (1989b) estimated the number of embedded
6 More precisely this includes ∼36 per cent of the Galacic surface area
within the Solar circle and ∼25 per cent of the area within 15 kpc of the
Galactic centre.
O6 stars expected from the H ii expansion time and the number of
field O stars to be of order a few hundred. Comparing this with the
number expected from the 1,600 candidate UC H ii regions identi-
fied from their IRAS colours led Wood & Churchwell (1989b) to
conclude that the embedded phase is much longer than would be
expected from an uninhibited expansion of the H ii region — this is
often referred to as the lifetime problem. It is likely that their sample
of H ii region candidates is significantly contaminated from evolved
stars and nearby B stars. Furthermore, it is very likely that given the
IRAS resolution (ranging from 0.5′ to 5′ for the 12-100µm bands)
that many of the luminosities calculated for their sample of UC H ii
regions have been significantly overestimated. This would reduce
the total number of embedded O6 stars, which in turn would re-
duce the need for an extended embedded UC H ii region phase.
Wood & Churchwell (1989a) estimated the UC H ii region
phase to be ∼ 3-6 × 105 yr, which is supported by a Galactic popu-
lation synthesis analysis (Davies et al. 2011) and estimates of their
statistical lifetimes (Mottram et al. 2011a), both of which reported
similar H ii region lifetimes (a few 105 yr). However, we find only
a small proportion of H ii regions associated with late O type stars,
and none of those associated with early O type stars, can be clas-
sified as UC H ii regions. This may suggest that their expansion is
extremely rapid and that the UC H ii region lifetime is relatively
short for late O type stars, and possibly so short for early O-type
stars that their UC H ii region stage is effectively unobservable. Al-
ternatively, the early O-type stars evolve from late O-type stars via
accretion of material through their UC H ii and compact H ii re-
gion (Keto 2007). In this picture the H ii region first forms when
the MYSO reaches ∼30 M⊙ (approximately equivalent to a ZAMS
O7 type star) and contracts down to the main sequence and ex-
pands rapidly while continuing to accrete material. By the time the
central star has accreted enough mass to be classified as an early
O-type star the H ii region has expanded beyond the sizes of typical
of ultra compact and compact H ii regions.
Another possibility is that there is a significant number of O-
type stars surrounded by optically thick ionized nebulae intermixed
with the sample of B-type H ii regions; these extremely compact,
optically thick H ii regions are classified as hyper-compact (HC)
H ii regions. The Lyman continuum flux of these HC H ii regions
may be underestimated by up to two orders of magnitude (see
Sect. 7.1). Although it is conceivable that very high accretion rates
might impede the expansion of the H ii region it can do nothing to
suppress the infrared luminosity. We might therefore expect to find
a number of radio quiet, embedded objects with bolometric lumi-
nosities of 105 L⊙ and higher. However, the fact that the RMS sur-
vey (Mottram et al. 2011b,a) has not found any embedded MYSOs
more luminous than ∼ 105 L⊙ rules this possibility out.
8.4 Comparison between methanol maser- and H ii
region-associated clumps
Comparing the derived parameters for the H ii region associated
clumps presented in this paper with those for the methanol maser
associated clumps presented in Paper I we find them to be very
similar. The overall clump structure (aspect ratios and Y-factors)
for the two samples are indistinguishable from each other. This
confirms the finding reported in earlier studies of high-mass pro-
tostellar objects (HMPO; Williams et al. 2004) and UC H ii regions
(Thompson et al. 2006) that the envelope structure does not signif-
icantly change during the embedded stages of the massive star’s
or associated cluster’s evolution. This would imply that the clumps
are already in place before the star formation begins (as also sug-
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Figure 23. Surface density of H ii regions and their host clumps. Colours
same as for Fig. 22. The strong peak seen at ∼8 kpc is almost entirely due
to the presence of W49A in this bin. The bin size is 0.5 kpc.
gested by Lumsden et al. 2013) and that evolution on clump scales
has a much longer timescale than the formation process for massive
stars.
We find no significant difference in the location within clumps
of massive stars as traced by H ii regions and methanol masers.
Both tracers are closely associated with the peak of the submillime-
tre emission which is likely to be the highest column density. This
would place the massive stars at the centres of the clumps at the
bottom of the gravitational potential, which is broadly in agreement
with the predictions of the competitive accretion model of massive
star formation (Bonnell et al. 1997, 2001). However, as mentioned
in Paper I, higher resolution observations are required to investigate
the internal structure and mass distribution of these clumps before
any detailed comparison with the models can be performed. Com-
paring the mass-radius distribution of these two samples of clumps
we find them to be again indistinguishable from each other, both
covering the same narrow band of parameter space and both satis-
fying the criteria for massive star formation.
The similarities between the properties of clumps associated
with methanol masers and H ii regions, given that only ∼20 per cent
of the methanol masers are associated with the later stages of for-
mation (i.e., MYSOs and H ii regions; Paper I) provide strong sup-
port for the hypothesis that methanol masers are almost exclusively
associated with the earliest stages of massive star formation. Ap-
proximately 80 per cent of the detected methanol masers are not
bright enough at mid-infrared to have been detected as a discrete
source by MS X. These could be deeply embedded accreting proto-
stars in a very early evolutionary stage having not yet warmed their
dust envelope sufficiently to be observed by MSX. However, the
majority of the methanol masers, although not bright enough in the
mid-infrared to have been detected by MSX, are detected in Spitzer
IRAC images (Gallaway et al. 2013). These weaker mid-infrared
sources may still be very embedded MYSOs but alternatively could
also be more evolved intermediate-mass YSOs that have started to
clear their surroundings, lowering the line of sight extinction and
allowing them to become visible in the mid-infrared.
We also note that the total number of H ii regions around stars
of stellar type B0 and earlier is similar to the expected number of
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Figure 24. Mass-Lyman continuum flux and mass-luminosity ratio for OB
stars derived from stellar atmosphere models are shown in blue and red,
respectively. The filled circles show the data taken from Davies et al. (2011,
and reference therein), while the curves show the polynomial fit to these
points.
methanol masers (∼600; Paper I), which would suggest these two
stages have similar statistical lifetimes.
8.5 Correlation between UC H ii regions and their natal
clumps
8.5.1 Monte-Carlo Simulation
In the previous section we derived the ionizing photon fluxes and
bolometric luminosities for a large proportion of our sample of
H ii regions. These parameters can provide a useful indication of
the current level of star formation taking place within each clump.
As discussed in Sects. 6.1 and 6.2 the clump median radius and
mass are ∼1.4 pc and 5,000 M⊙, respectively. It is likely these
clumps are host to embedded proto-clusters (e.g., Lada & Lada
2003; Motte et al. 2003) rather than single massive stars. Further-
more, massive stars are almost exclusively found to be associated
with clusters (e.g., de Wit et al. 2004; Gvaramadze et al. 2012) and
we therefore want to compare these integrated parameters with the
emission expected from an embedded cluster.
To do this, we have followed the procedure described by
Walsh et al. (2001) using a Monte-Carlo simulation to randomly
sample a Kroupa (2001) IMF (i.e., N ∝ Mα where α = 1.3 for
0.08 M⊙ 6 M 6 0.5 M⊙ and α = 2.3 for M > 0.5 M⊙). We used
a stellar mass range of 0.1 to 120 M⊙ and have assumed an av-
erage massive star formation efficiency (SFE) of 10 per cent (e.g.,
Johnston et al. 2009).
A random number is generated and compared to the proba-
bility assigned to each mass interval in the range to determine the
mass of star. This process is repeated until the total mass of the stars
is approximately equal to the clump mass× SFE. We have used
polynomial fits to the stellar atmosphere models (i.e., Davies et al.
2011, see Fig. 24 for details) to determine each star’s contribution
to the total cluster luminosity and Lyman continuum flux. This pro-
cess was repeated 1,000 times for each mass increment for clump
masses in the range 100 M⊙ to 5 × 105 M⊙. The results of these
simulations will be used in the following subsections.
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8.5.2 Luminosity-Lyman continuum flux relation
Fig. 25 shows the Lyman photon flux as a function of bolometric
luminosity for the H ii region sample. In cases where multiple H ii
regions are within 10′′ of the RMS position we have integrated
the Lyman flux and used the size of the largest and most evolved
H ii region in the plot. We also show the luminosity-Lyman photon
flux relation for OB stars from table of values given in Davies et al.
(2011), the results of the Monte-Carlo cluster simulations discussed
in the previous subsection (red curve and grey shaded region, re-
spectively).
The distribution of compact and UC H ii regions reveals a pos-
sible correlation between the bolometric luminosity and ionizing
photon flux. However, this is effectively a luminosity-luminosity
plot with both of these parameters having a distance dependence
and we need to be careful that the observed correlation is not the re-
sult of the Malmquist bias. We have therefore used a partial Spear-
man correlation test to remove the dependence of these two pa-
rameters on distance (see Paper I for more details). This gives a
correlation coefficient of 0.69 for the whole sample with a p-value
< 1×10−7, and so the correlation is significant and points to a strong
correlation between these parameters.
Fig. 25 reveals some interesting features. First, the distribu-
tion of the measured parameters agrees well with the predictions of
the Monte Carlo simulations for clusters, for which the single OB
star locus forms an upper envelope. But the agreement only holds
for the high-luminosity sources. For H ii regions with luminosities
equivalent to B stars, the observed distribution strongly disagrees
with the theoretical relationship and the measured values lie well
above the predicted upper envelope. This discrepancy has also been
noted by Lumsden et al. (2013) and Sa´nchez-Monge et al. (2013)
for the RMS sample of H ii regions (with which our sample shares
a number of sources) and a sample of ∼200 IRAS selected sources,
respectively. This excess Lyman continuum luminosity is unlikely
to be the result of an overestimate of the radio flux as this is more
likely to be underestimated due to the nature of interferometric ob-
servations, which filters out some of the larger spatial frequencies.
This excess is, therefore, not easy to explain.
The sample of Sa´nchez-Monge et al. (2013) is split into
three evolutionary types (millimetre source only (Type 1), millime-
tre with associated infrared source (Type 2), and infrared source
only (Type 3)). They find that 70 per cent of their Type 1 and 2
sources have excess ionizing photon fluxes and suggest that this
may preferentially occur for young B type stars, a conclusion
independently arrived at by Lumsden et al. (2013) . Following
Sa´nchez-Monge et al. (2013), Fig. 25 also includes the locus of a
blackbody with the same radius and temperature as ZAMS OB stars
(dashed black curve), giving the theoretical upper limit to the Ly-
man continuum flux. The data for B-type H ii regions agree signif-
icantly better with the blackbody prediction than with the ZAMS
stellar atmosphere models, albeit with considerable scatter in these
data.
Another feature to note in Fig. 25 is in the O-star distribution,
where the larger H ii regions appear closer to the Lyman lumi-
nosities expected from the single-star stellar atmosphere models.
For late O type stars, the ionizing flux is still consistent with what
we might expect if the bolometric luminosity were due to a cluster
rather than a single star, however, this is not the case for the early O
stars where there are clearly fewer ionizing photons than expected,
even allowing that the luminosity is the result of a cluster. One ex-
planation could be that the interferometer has filtered out some of
the larger scale radio continuum flux, however, this is more likely
Figure 25. H ii region Lyman continuum photon flux as a function of bolo-
metric luminosity of the associated embedded cluster. The coloured circles
show the source parameters derived from the data and indicate H ii region
sizes (see colour bar for values). The thick red curved line indicates the re-
lationship for a single OB zero-age main sequence star (from Martins et al.
2005) and the light grey circles show the result of the Monte-Carlo simula-
tion for clusters. The dashed black curve shows the ionizing photon flux that
would be expected from a blackbody with the same radius and temperature
as a ZAMS star (A. Sa´nchez-Monge priv. comm.). Characteristic error bars
for these parameters are shown in the lower right corner of the plot.
to be an issue for the more extended H ii regions and most of the
sources found to have an deficit of ionizing photons are the genuine
UC H ii regions. Another possibility is that some of these nebulae
are actually optically thick which would result in the ionizing flux
being underestimated and/or there could be significant absorption
due to dust which would lower the overall number of ionizing pho-
tons in the H ii region.
8.5.3 Clump mass-luminosity relationships
In Fig. 26 we present the ionizing photon flux and bolometric lu-
minosity as a function of clump mass. Since the main focus of this
paper is the clump properties and, given that we are unable to sub-
divide the masses of clumps with multiple H ii regions, we simply
integrate the radio flux for all embedded sources and their RMS
counterparts to obtain the total bolometric luminosities and Lyman
continuum flux for each clump. The yellow hatched region shown
on these plots corresponds to the range of parameter values that in-
cludes 90 per cent of the Monte-Carlo simulations, while the grey
region indicates the region of parameter space covered by the most
massive member of each cluster.
Inspecting these plots, it appears that the bolometric luminos-
ity and ionizing photon flux are correlated with clump mass, even
though there is a large scatter in the data. As above, we use the par-
tial Spearman correlation test to remove any potential Malmquist
bias. This gives a coefficient of 0.54 for the correlation between
clump mass and Lyman continuum flux, and 0.53 for the clump
mass and bolometric luminosity;7 the samples sizes are 164 and
7 These correlation coefficients are slightly higher at 0.57 if we include
only H ii regions with sizes less that 0.2 pc in diameter in the mass-ionising
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Figure 26. Upper panel: Comparison of clump mass to ionising photon flux
emitted from their embedded UC H ii regions. Lower panel: Clump mass-
bolometric luminosity relationship for the ATLASGAL-CORNISH sample
of H ii regions. The colours are the same as for Fig. 25 and correspond
to the physical radius of the brightest embedded UC H ii region associated
with each clump. The region of parameter space encompassed by the yellow
hatching indicates the area in which 90 per cent of the simulated clusters are
located, while the region highlighted in grey indicates area where the most
massive star of each cluster was located. Characteristic error bars for these
parameters are shown in the lower right corner of each plot.
130 and associated p-value for both correlations is < 1 × 10−7. The
bolometric luminosity and Lyman continuum are therefore corre-
lated with clump mass, with the most massive stars forming within
the most massive clumps. Presumably the high accretion rate re-
quired to form the more massive stars can only be sustained by
the most massive clumps. There is clearly an upper bound on clus-
ter mass set by the clump mass, but the lower bound suggests that
extremely low SFEs are rare (i.e., the SFE has a probability distri-
bution that is not flat).
The dependence on clump mass of the Lyman continuum and
bolometric luminosities derived from the data fit the Monte-Carlo
simulation very well. If the SFE were higher than the 10 per cent
flux relation and 0.58 for the mass-bolometric luminosity relation if we in-
clude only sources where an SED fit has been made to the data. The sample
sizes drop to 97 and 108, respectively, for these correlations but the p-values
remain unchanged.
assumed in our simulations, the predicted Lyman and bolometric
cluster luminosities (shaded regions) would be shifted to the left,
worsening the match between measured and predicted values, re-
quiring a further increase in cluster luminosity to restore the corre-
spondence. The fact that the Lyman continuum flux and bolometric
luminosities of the more evolved H ii regions are close to those pre-
diction by the stellar atmosphere models suggests that their lumi-
nosities are unlikely to change significantly and that their evolution
is at an end.
Since the larger H ii regions effectively set the upper envelope
to the Lyman continuum flux and this agrees with predictions de-
rived using a SFE of 10 per cent we would conclude that an average
SFE is more likely.
9 SUMMARY AND CONCLUSIONS
We have combined the ATLASGAL and CORNISH surveys to
identify a large sample of molecular clumps associated with com-
pact and ultra-compact (UC) H ii regions. The ATLASGAL survey
(Schuller et al. 2009; 280◦ < ℓ < 60◦ and |b| < 1.5◦) traces the
thermal emission from dense clumps at 870µm and is complete
to all massive clumps above 1,000 M⊙ to the far side of the inner
Galaxy (∼20 kpc). In total the ATLASGAL survey has identified
some 10,000 compact sources (Contreras et al. 2013 and Csengeri
et al. in prep), many of which have the potential to form the next
generation of massive stars. The CORNISH project has mapped the
northern Galactic plane between ℓ = 10◦ and 65◦ and |b| < 1◦ for
5 GHz radio-continuum emission (Hoare et al. 2012; Purcell et al.
2013).
By comparing the positions of the ∼2,300 CORNISH radio
sources with the dust emission maps and archival mid-infrared im-
ages extracted from the GLIMPSE database we have identified 213
compact and UC H ii regions between ℓ = 10◦ and 60◦ and |b| < 1◦.
These are associated with 170 clumps with multiple UC H ii regions
being associated with a single clump in 23 cases. Radial velocities
have been assigned for every source, largely from values available
in the literature, with the majority being drawn from high density
tracers such as NH3 (1,1) and HCO+ (3-2) transitions. Where avail-
able, distances have been taken from maser parallax measurements,
however, the majority are kinematically derived with distance am-
biguity solutions provided from the literature or derived here from
archival H i data.
These distances have been used to estimate clump masses and
their effective radii, as well as the Lyman continuum fluxes and
sizes of the embedded H ii regions. The clump masses range from
100 to a few 105 M⊙ with a median value of ∼5,000 M⊙, with sizes
from a couple of tenths of a pc to a few pc and so cover the full
range of size scales (i.e., cores, clumps and clouds). The median
clump radius is ∼1.4 pc and so the majority would be considered
clumps, however, classifications based on size seem somewhat ar-
bitrary. We have estimated the virial masses from the effective radii
and molecular-line width of a large fraction of the clumps and find,
that in most clumps, these are lower than the derived clump masses.
This may suggest that the majority of clumps are gravitationally un-
stable and therefore likely to be collapsing. This is still true if we
assume an equipartition of thermal and magnetic energy within the
clumps.
We find that we are complete to optically thin UC H ii regions
driven by a zero age main sequence (ZAMS) star of spectral type
B0 or earlier embedded within a 1,000 M⊙ to the far side of the
Galaxy (∼20 kpc and between ℓ = 10-60◦). Assuming a standard
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initial mass function (IMF; i.e., Kroupa 2001) and a star formation
efficiency of 10 per cent, the minimum mass required to form at
least one massive star is >1,000 M⊙. It is therefore unlikely any
embedded B0 and earlier spectral type stars are associated with
lower mass clumps. The H ii region Lyman photon fluxes range
between a 1045 to 1050 photon s−1 and radii range from 0.01 pc to
0.9 pc, with median values of ∼1048 photon s−1 and 0.11 pc, respec-
tively. Bolometric luminosities have been obtained by matching the
H ii regions with sources identified by the RMS survey; these have
median value of ∼105 L⊙, which roughly corresponds to a 30 M⊙
star or ZAMS star of spectral type O7.
We use the derived parameters to investigate the correlation
between the properties of these massive star forming clumps and
the star formation taking place within them. We use these data to
test several density criteria suggested in the literature for massive
star formation and correlate the distribution of this sample of em-
bedded massive stars with the various features of Galactic structure
present in the First Quadrant. Our main findings are as follows:
(i) We find that the lower envelope of the mass-radius relation
for methanol and H ii region associated clumps is well modelled
with a mean surface density of 0.05 g cm−2. As stated in Paper I
this density threshold provides a better estimate of the lower enve-
lope of the distribution for masses and radii greater than 500 M⊙
and 0.5 pc, respectively, than the Kauffmann et al. (2010b) crite-
rion. This surface density threshold is also approximately twice
that determined by Lada et al. (2010) and Heiderman et al. (2010)
for “efficient” star formation. So while the Lada et al. (2010) and
Heiderman et al. (2010) criteria may be considered a minimum re-
quirements for “efficient” star formation, the threshold determined
for this sample of massive star forming clumps can be considered
a minimum requirement for the “efficient” formation of massive
stars.
(ii) We find a clear correlation between the mass of the most
massive embedded stars and the masses of their natal clumps, with
the most massive stars forming in the most massive clumps. We
find good agreement between the predicted Lyman and bolometric
luminosities of an embedded cluster and those measured from our
data assuming a standard initial mass function and a star forma-
tion efficiency of ∼10 per cent. This is similar to the mean value of
7 ± 8 per cent reported by Johnston et al. (2009) for a sample of 31
intermediate- and high-mass clumps, but significantly lower than
the upper limit for cluster formation of 30 per cent suggested by
Lada & Lada (2003).
(iii) Of the 213 H ii regions we have identified we find only half
of these satisfy the size criterion to be classified as UC H ii regions.
This proportion decreases to less than 20 per cent when we consider
H ii regions associated with O stars and to zero when considering
only early O stars.
(iv) The Galactocentric distribution of our sample reveals strong
peaks at approximately 4 and 6 kpc, which corresponds to the ex-
pected radial positions of the Scutum-Centaurus arm, the end of
the long bar, and the tangent of the Sagittarius and far side of the
Perseus arms. We find another peak at 8.5 kpc, however, this can be
attributed solely to the W49A star forming complex.
(v) We measure significantly different Galactic scale heights for
the H ii regions and their host clumps (20.7±1.7 pc and 29.1±3.0 pc,
respectively), with more extreme star forming environments (i.e.,
W31, W43 and W51) being located closer to the Galactic mid-
plane. The star formation associated with these prominent regions
is intense enough that they have a significant effect on the derived
Galactic parameters. Using the surface density of H ii regions above
our completeness limit (i.e, optically thin H ii regions associated
with stars of spectral types of B0 or earlier) we estimate the Galac-
tic population to be ∼400. However, we note that we are not com-
plete to more extended H ii regions around nearby B0 stars, as these
fall below the CORNISH surface brightness sensitivity.
(vi) We have found H ii regions associated with B stars have a
higher Lyman continuum photon flux relative to that predicted from
standard stellar atmosphere models compared to their bolometric
luminosities. This is even more pronounced for later B stars. This
would suggest that young B type stars are significantly more lumi-
nous in the ultraviolet than predicted by current stellar atmosphere
models.
(vii) Although the region of the Galactic plane discussed in this
paper includes the major star forming regions W31, W43 and W51
(the latter two of these have been labelled as mini-star bursts), it is
W49A that stands out as being exceptional. It contains ∼7 per cent
of the H ii regions identified in this study and has an integrated
luminosity of ∼ 7× 106 L⊙, a mass of ∼ 4× 105 M⊙ and a very high
star formation efficiency (15-32 L⊙ M⊙−1). This is one of the most
massive and intense regions of star formation in the Galaxy.
(viii) The properties of the clumps associated with methanol
masers and those associated with H ii regions are in excellent agree-
ment despite being drawn from different quadrants. The masses,
sizes and structure of the clumps are all very similar and the em-
bedded young massive stars identified by these have a similar distri-
bution with respect to the clump structure. We find that the massive
stars traced by the methanol masers and H ii regions are found to-
wards the centre of their host clumps, with their positions tightly
correlated with the peaks in the dust emission. The similarities be-
tween the two samples and the fact that only 20 per cent of the
methanol masers are associated with the MYSO and H ii region
stages provides strong support for the hypothesis that methanol
masers are indeed tracing some of the earliest stages of massive
star formation.
(ix) From the similarities between the envelope structure of
clumps associated with both the early and late embedded stages
of massive star formation (as traced by the methanol masers and
radio emission) we conclude that the structure does not change sig-
nificantly during the massive star’s or its associated cluster’s evolu-
tion. It is likely then that the clumps are already in place before the
collapse and the subsequent star formation begins, and that once
the collapse has begun the clumps effectively decouple from any
external influences.
This is the second in a series of three papers planned to use the
ATLASGAL survey to conduct a detailed and comprehensive in-
vestigation of massive star formation environments. The main aim
of these papers is to use the unbiased nature of the dust emission
mapped by ATLASGAL over the inner Galactic plane to connect
the results derived from samples selected using different high-mass
star formation tracers. In the final paper in this series we will in-
vestigate the dust properties of a well-selected sample of massive
young stellar objects identified by the RMS survey team.
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